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INFLUENCE OF ORGANIC SOLVENTS ON
THE PERFORMANCE OF POLYMERIC
NANOFILTRATION MEMBRANES

Bart Van der Bruggen,* Jeroen Geens, and
Carlo Vandecasteele

Department of Chemical Engineering, University of
Leuven, W. de Croylaan 46, B-3001 Heverlee, Belgium

ABSTRACT

Separations in organic solvents are a new field of application for
nanofiltration. Only a few polymeric nanofiltration membranes are
commercially available for these separations, the major problem
being the limited chemical stability in organic solvents. This
article studies the influence of different organic solvents
(methylene chloride, acetone, hexane, ethyl acetate, and ethanol),
their performance on the four nanofiltration membranes (N30F,
NF-PES-10, MPF 44, and MPF 50) specified to be compatible
with the solvents used. The pure water flux (distilled water) of
these membranes and the rejection of maltose were measured
before and after 10days of exposure to one of the above-
mentioned solvents. The results show that not all of the
membranes are compatible with the solvents used, and that the
membrane performance shifts towards lower rejections for the
hydrophilic membranes (N30F, NF-PES-10, and MPF 44) and
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784 VAN DER BRUGGEN, GEENS, AND VANDECASTEELE

towards higher pure water fluxes for the hydrophobic membrane
(MPF 50). The water flux is not significantly affected for the
hydrophilic membranes, and the effect on maltose rejection is
small for the hydrophobic membrane.

The results are explained by a reorganization of the membrane
structure due to the clustering of hydrophobic and hydrophilic
zones within the active layer of the membranes. Scanning electron
microscopy images for MPF 44 and MPF 50 confirm these findings.

Key Words: Chemical stability; Membrane filtration; Nanofil-
tration; Organic solvents

INTRODUCTION

During the last decade, a large number of applications of nanofiltration in
aqueous solution was developed (1-6). Until recently, the use of nanofiltration
was limited to this field, due to the lack of nanofiltration membranes with
sufficient chemical stability in organic solvents. However, the extension of
nanofiltration towards separations in organic solvents would certainly open new
possibilities in many industries (7—10). The main problem is the development of
new chemically stable nanofiltration membranes. Therefore, a lot of research
focuses on new membrane materials that would meet these requirements. Two
different approaches can be distinguished: further improvement of the chemical
stability of polymeric membranes, and development of ceramic membranes. In
view of the chemical stability, ceramic membranes would be obviously
advantageous. Promising results with silica—zirconia membranes having pore
diameters of 1-5nm were reported by Tsuru et al. (11), but generally the pore
size obtained for ceramic membranes remains too large for applications in the
nanofiltration range.

On the other hand, the production of polymeric membranes compatible
with a wide range of organic problems is also difficult. The usual method is to
increase the degree of cross-linking of the polymeric top layer (12). Additionally,
alternative membrane materials such as poly(organophosphazene) were tested
(13), or more common materials such as poly(acrylonitrile) were improved (14).
As a result, new membranes were obtained with a better, although far from
perfect resistance to organic solvents. Recurrent problems are the dissolution,
deformation, or swelling of the membrane. Therefore, industrial application of
these membranes is not yet possible. For the time being, application on a larger
scale is not yet possible. Fundamental research on membrane properties and the
influence of organic solvents on membrane performance (flux and rejection)
should help to overcome these restrictions.
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This research investigates the influence of organic solvents on
nanofiltration membranes specified to be solvent stable. Usually, the influence
of organic solvents is studied by measuring the solvent flux and the rejection of
molecules in organic solvents. In contrast, this research describes the change in
water flux and of the rejection of organic molecules in aqueous solution after
exposure of the membrane to a series of organic solvents for a number of solvent-
stable membranes. The reason for this approach is that rejections and fluxes with
nanofiltration membranes are better known in aqueous solution, so that this can
be taken as a reference for the membrane performance. It will be shown that
experimental results are always worse than what follows from the manufacturer’s
information, and that solvent stability for some membranes is questionable.
Moreover, the structure of the solvent-stable membranes might change due to the
clustering of hydrophobic and hydrophilic groups during immersion in an organic
solvent.

METHODS AND MATERIALS

A commercial laboratory scale nanofiltration setup (Amafilter Test Rig
PSS1TZ, Amafilter, Alkmaar, The Netherlands) was used for the nanofiltration
experiments. The filtration in the module occurred in cross-flow with flat sheet
membranes (diameter 0.09m). The active surface of the membrane was
0.0044 m? with a channel length of 293 mm.

After a thorough selection based on information of the manufacturers and
data from literature (15,16), four solvent-stable membranes were selected. The
membranes used are N30F and NF-PES-10, obtained commercially from Celgard
(Wiesbaden, Germany), and MPF 44 and MPF 50, obtained commercially from
Koch Membrane Systems (Wilmington, MA). The N30F and NF-PES-10 are
hydrophilic polyethersulfone membranes. The MPF 44 and MPF 50 consist of
several layers, with a backing made of a polypropylene—polyethylene blend. The
polymeric layer and the top polymeric layer are a proprietary polymer
(synthesized by Koch). The information provided by the manufacturers is
summarized in Table 1. All membranes were specified to be compatible with the
solvents used in this study (methylene chloride, n-hexane, ethyl acetate, ethanol,
and acetone).

Solvents were chosen in order to cover a wide range of different chemical
structures: a halogenated hydrocarbon (methylene chloride), an aliphatic
hydrocarbon (n-hexane), an ester (ethyl acetate), an alcohol (ethanol), and a
ketone (acetone). This is useful to gain a qualitative insight in the interaction
mechanisms between different solvents and membranes. All of the solvents used
were of analytical grade. Some physical properties for the four solvents (and
water) are given in Table 2 (17,18).
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Table 1. Membrane Characteristics as Indicated by the Manufacturers

Membrane N30F NF-PES-10 MPF 44 MPF 50
Nature Hydrophilic ~ Hydrophilic ~ Hydrophilic =~ Hydrophobic
Manufacturer Celgard Celgard Koch Koch
Water flux (L/m” hr) 40-70* 200-400° 40° 0°
Sugar rejection 70-90*¢ 30-50¢ 98" n.a.
Maximum temperature (°C) 95 95 40 40

pH range 0-14 0-14 2-10 4-10

2 At 40 bar, 20°C.
® At 30 bar, 30°C.
4% lactose (MW 342).
95% sucrose (MW 342).
n.a. not available.

Maltose was determined using a spectrophotometric method based on a
condensation reaction of its furfural derivates with phenol (19). The furfural
derivates were obtained by heating the maltose solution in concentrated sulphuric
acid. The accuracy obtained by this method was ca. 5%.

The equipment used for microscopical analysis [scanning electron
microscopy (SEM)] of the membranes was a Philips Scanning Electron
Microscope XL30 FEG (Philips, Eindhoven, The Netherlands).

EXPERIMENTAL

The water flux and maltose rejection (using distilled water containing
100 mg/L maltose) was measured for five new sheets of each membrane type. The
conditions for nanofiltration were: transmembrane pressure, 20 bar; temperature,
25°C; cross-flow velocity, 2 m/sec. The permeate fraction and retentate fraction
were recycled continuously to the feed tank, so that no concentration effects
occurred. Samples were taken after a stabilization period of 15 min. The flux was
then further measured as a function of time during 1hr (for the hydrophilic
membranes) to 4 hr (for the hydrophobic membrane), time needed to gather the
samples. The maltose concentration in the permeate and retentate fraction was
then determined; the rejection (%) was calculated as the concentration difference
between both fractions divided by the concentration in the feed.

After the nanofiltration experiment, the membranes were examined
microscopically by SEM. Because only dry samples can be analyzed with SEM,
the membranes were dried in an exsiccator for 15 hr. The dry membranes were
fixed on a conductive, adhesive carbon support. On the top layer of the
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membrane, a conductive carbon coating was applied with a carbonwire coater.
Then the samples were analyzed with an electron microscope.

Afterwards, each sheet of the four membrane types was exposed during
10days to one of the following solvents: methylene chloride, hexane, ethyl
acetate, ethanol, and acetone. This was done by immersing the membrane sheets
in Petri dishes, filled with the respective solvents, and refilled daily so that the
membranes never became dry due to solvent evaporation. An exposure time of
10days was selected because no additional visual damage could be observed
after this period in preliminary experiments with each of the solvents.

After the solvent exposure, the membranes were again examined visually
and microscopically with SEM. Finally, the pure water flux and maltose
rejections were measured again under the same conditions as described above.

All experiments were repeated twice with the same membranes, i.e.,
measurement of initial pure water fluxes and maltose rejections and final
measurement of pure water fluxes and maltose rejections after solvent exposure.

RESULTS AND DISCUSSION

Initial water fluxes and water fluxes after exposure to one of the solvents are
presented in Table 3. The initial fluxes (1) for a given membrane with each of the
solvents are expected to be constant, since the membrane has not yet been in
contact with the solvent at this point. However, variations up to 10% were found
for each of the membranes (standard deviations were 1.9, 11.4, 1.5, and
1.2 L/m?hr for N30F, NF-PES-10, MPF 44, and MPF 50, respectively). These
variations may be caused by differences in pore size distribution between
samples of one membrane type. Because only small surface areas are used, the
experiments are susceptible to such differences between membrane samples.

Table 3. Water Fluxes (L/m2 hr) Obtained with N30F, NF-PES-10, MPF 44, and MPF
50, Before (1) and After (2) Exposure to Different Organic Solvents

N30F NF-PES-10 MPF 44 MPF 50

1) (@3] ey (@3] ey @ O @

Methylene chloride  36.4 — 162.8 — 335 310 5.1 6.1
Hexane 383 321 162.7 928 327 — 43 10.3
Ethyl acetate 337 380 148.0 345 344 337 50 396
Ethanol 350 275 1448 1678 361 400 65 226
Acetone 37.5 — 172.2 — 36.1 346 13 11.8
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Other factors such as membrane setting conditions are thought to play a minor
role; all fluxes measured remained constant in time during 1—4 hr.

For MPF 50, a small water flux was found, although a zero flux was to be
expected because of the hydrophobicity of the membrane (see also Table 1).

Some of the membranes were visually damaged after exposure, to the
extent that nanofiltration experiments were unnecessary because the integrity of
the mechanical structure of the membrane was affected. This was found for N30F
and NF-PES-10 after exposure to methylene chloride and acetone, and for MPF
44 after exposure to hexane, which proves that they are not compatible with these
solvents (in contradiction to the manufacturer’s information). The MPF 50 was
the only membrane where no mechanical damage was observed for any of the
solvents.

From Table 3, it can be seen that the water fluxes for N30F and MPF 44 are
approximately constant before and after exposure to the organic solvents. The
MPF 50 shows a general increase of the water flux. For ethyl acetate, the water
flux increases with a factor of 8, so that the final water flux is in the same range as
for the hydrophilic N30F and MPF 44 membranes. Somewhat different results
were obtained for NF-PES-10. For two of the three solvents that were compatible
with this membrane, the water flux decreased drastically. The third solvent,
ethanol, resulted in a slight increase of the water flux.

The results for the fluxes before and after solvent exposure were confirmed
in all cases by repeating the experiments. The difference between both the
experiments was below 5% for all solvents with N30F, NF-PES-10, and MPF-44.
Somewhat larger differences were found with MPF-50: the differences before
exposure to solvents were 8.0, 2.0, 3.7, 2.8, and 2.0% for methylene chloride,
hexane, ethyl acetate, ethanol, and acetone, respectively, and 2.6, 5.7, 2.8, 1.5,
and 7.0% after exposure. These larger differences can be explained by the more
difficult measurement of the water flux for the hydrophobic MPF-50 membrane,
and possibly by nonuniformity in membrane structure.

The maltose rejections before and after exposure to the organic solvents are
presented in Table 4. Again, the rejections before exposure to the organic
solvents should be the same, but significant differences were found that cannot be
explained by analytical errors (standard deviations were 8.1, 5.2, 7.1, and 3.1%
for N30F, NF-PES-10, MPF 44, and MPF 50, respectively). Thus these
differences must be attributed to differences in pore size distributions within one
membrane type.

The initial rejections are in all cases lower than the values indicated by the
manufacturers, where these are available. The difference is especially remarkable
for N30F (70-90% indicated value; 24—47% experimental) and for NF-PES-10
(30-50% indicated value; 11-24% experimental), but lower rejections were also
found for MPF 44 (98% indicated value; 80—97% experimental). Thus, all of the
membranes except MPF 44 have a rather open porous structure, and NF-PES-10

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 4. Maltose (MW 342) Rejections Obtained with N30F, NF-PES-10, MPF 44, and
MPF 50, Before (1) and After (2) Exposure to Different Organic Solvents

N30F NF-PES-10 MPF 44 MPF 50

ey (€3 ¢y @ ey (€3 €y @

Methylene chloride ~ 37.5 — 22.1 — 9.4 270 304 642
Hexane 38.9 4.3 106 226 974 — 29.5 430
Ethyl acetate 39.0 4.5 15.8 17.1 80.0 780 369 437
Ethanol 46.9  28.7 17.4 193 909 780 349 339
Acetone 24.5 — 23.7 — 87.3 82.0 338 20.8

in particular might be characterized possibly as a tight ultrafiltration membrane.
Differences between the manufacturer’s specifications and experimental
rejections were also reported by Whu et al. (20).

The hydrophilic membranes N30F and MPF 44 showed a general decrease
of the maltose rejection after exposure to the solvents. For N30F, this effect was
dramatic: for two out of the three solvents that were compatible with the
membrane (hexane and ethyl acetate), the maltose rejection was reduced to below
5%. For ethanol, a decrease of 61% was obtained.

The MPF 44 showed a somewhat comparable effect: the maltose rejection
was lower after exposure for all compatible solvents (although for ethyl acetate
the effect is not significant). The effect was smaller than for N30OF (except for
methylene chloride), which might be due to a difference in membrane material.

The results for NF-PES-10 are different: in the cases where the membrane
was not damaged, the maltose rejection was higher than before exposure to the
solvents.

A repetition of the experiment confirmed the maltose rejections for the
three hydrophilic membranes to be within 5%.

For the hydrophobic MPF 50 membrane, no general decrease in maltose
rejection was found; rejections after exposure to organic solvents seem to be even
higher than before (except for acetone, where rejection is lower; for ethanol, the
rejection is comparable). However, the differences that were found by repeating
the experiment were considerably higher than for the hydrophilic membranes. All
differences were in the range between 5 and 15%.

Solvent-stable membranes may be defined as membranes that are not
damaged or changed by any organic solvent in any way, which includes that their
performance (fluxes and rejections) should remain a constant. The results show
that this is not the case for any of the membranes used, although a gradation
between the four membranes can be seen. Therefore, membranes that are not

Copyright © Marcel Dekker, Inc. All rights reserved.
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visually damaged by the solvents will be denoted as “semi” stable in the specific
solvent. A semi solvent-stable membrane keeps its mechanical strength, but its
performance has changed due to the impact of organic solvents.

For an interpretation of these results, a distinction should be made between the
hydrophilic membranes (N30F, NF-PES-10, and MPF 44) and the hydrophobic
MPF 50 membrane. The latter membrane shows a general increase of the water flux
due to exposure to an organic solvent. The initial fluxes are very small due to the
hydrophobic character of the membrane top layer; after exposure to organic solvents,
the top layer apparently becomes more hydrophilic. This can be explained by a
reorganization of the polymer chains in the membrane top layer, as suggested by
Roudman and DiGiano (21) and in agreement with phenomena in polymer
chemistry (22). Hydrophilic groups tend to form small “clusters” so that the
membrane becomes locally hydrophilic. This should have only a minor effect on the
pore size, because the fraction of hydrophilic groups is supposed to be very small.
However, the effect is sufficiently pronounced to lead to a flux increase.

The effect of chain reorganization is more dramatic for the hydrophilic
membranes because the fraction of hydrophilic groups is obviously larger. The
clusters become larger so that in this case, chain reorganization might affect the
pore sizes as well. The corresponding effect of clustering on the pores would
indeed result in less, but larger pores. Thus, the influence on the total surface
taken by the pores at the membrane surface is small. The hydrophilic character is
also supposed to remain unchanged, due to the larger initial fraction of
hydrophilic groups; reorganization would not affect the overall hydrophilicity.
As a result, the water flux should be approximately the same before and after
exposure to the different solvents, with small effects in either direction. This was
found indeed for N30F and MPF 44, where the difference between both water
fluxes was less than 10% (MPF 44) or 20% (N30F). Moreover, deviations were
found in both directions, i.e., increase of the flux as well as decrease.

The surprising results for NF-PES-10 with hexane and ethyl acetate are
possibly related to the large initial pore sizes of the membrane (rejections of 30—
50% for a component with a molecular weight of 342), which makes flux increase
due to clustering difficult.

No correlation between solvent properties (Table 2) and the effect on the
water flux was found. This is not surprising, because the nanofiltration
experiments themselves are carried out in an aqueous phase, not in a solvent
phase. An additional problem is that the changes in water flux are a result of
interactions between the solvent and the membrane material, and the latter is
largely unknown.

Rejection of maltose is mainly a result of size exclusion, and depends on
pore size and pore size distribution in the membrane top layer (23). thus a change
in rejection properties due to the exposure to an organic solvent should be related
to a change in pore size or pore size distribution.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Clustering of hydrophobic and hydrophilic groups obviously increases the
pore size of the N30F membrane, so that maltose rejections were accordingly
lower after exposure to an organic solvent. The effect is smaller for MPF 44,
because the solvent apparently had less impact on the membrane. Methylene
chloride is an exception: this solvent is obviously more aggressive to the
membrane material than the other solvents used, given the relatively large
influence on maltose rejection. The more solvent proof the membrane is, the less
mobile the polymeric chains in the top layer will be, and thus, the less the
membrane performance will be affected by organic solvents. In this view, N30F
should be characterized as semi solvent stable, allowing chain mobility and
clustering of hydrophobic/hydrophilic groups. More aggressive solvents such as
methylene chloride have a stronger effect, resulting in a complete dissolution or
decomposition of the membrane.

The slight increase in maltose rejection for NF-PES-10 is related to the
larger pore size in comparison to the other membranes. By comparing Tables 3
and 4, it can be deduced that the decrease of the water flux was due to an
obstruction of the pores in the top layer. Because this is only possible when the
polymeric chains are mobile, NF-PES-10 should also be characterized as a semi
solvent-stable membrane.

For MPF 50, the shift towards a more hydrophilic nature of the membrane
caused higher water fluxes. The pores in the top layer may remain approximately
unchanged if the fraction of hydrophilic components is small; if the chain
reorganizations are more significant, the same effects as obtained with the
hydrophilic membranes may occur. If the pore sizes would remain constant, then
the same amount of maltose molecules is retained, but the amount of water
permeating through the membrane increases, so that the concentration of maltose
in the permeate decreases (the rejection of maltose increases). If the effects of
pore size increase are more significant, a decrease of rejections should be found.
Thus, the maltose rejections may increase or decrease. However, no definite
conclusions can be drawn from the results on this point, given the relatively large
uncertainties on the maltose rejections that were found (large differences between
the two experimental measurements).

Interactions between organic solvents and a membrane may take place
instantly or gradually; this paper assumes that a steady state is approximately
obtained after 10 days. This is acceptable, because the membranes were described
by the manufacturers as solvent stable, i.e., in a steady state from the very first
moment before or after immersion in the organic solvents. The rate at which the
interactions between solvents and membranes take place was not studied in this
paper, but might also play a role in the loss of membrane performance.

The SEM images for the different membranes before and after exposure to
the organic solvents confirm that there were changes in the morphology of the top
layer. Figure 1 shows the MPF 44 membrane before and after exposure to

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 1. Scanning electron microscopy images of the MPF 44 membrane before (top)
and after (bottom) exposure to methylene chloride.
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Figure 2. Scanning electron microscopy images of the MPF 50 membrane before (top)
and after (bottom) exposure to ethyl acetate.
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methylene chloride. The dark spots, with a diameter of several um, are not the
pores (which are expected to have a diameter of around 1 nm), but rather micro
“valleys” at the membrane surface. After having been immersed in methylene
chloride, these valleys are scarcer and the distance between the valleys is larger.
This is only possible when the polymeric chains were mobile during the
immersion in the solvent, and it can be expected that these changes also affect the
(nanoscale) pores.

The same conclusions can be made for the hydrophobic MPF 50
membrane. Figure 2 shows the surface structure of MPF 50 before and after
immersion in ethyl acetate. Valleys in the top layer are larger and scarcer after
exposure to the solvent. Comparable results were obtained for other solvents.

CONCLUSIONS

Three out of four membranes in this research thought to be solvent stable
showed visible defects after 10 days exposure to one or more organic solvents,
and the characteristics of all four membranes changed notably after exposure to
the solvents. This implies that the membranes should be denoted as semi solvent
stable instead of solvent stable.

The interaction mechanisms between solvent and membrane proposed in
this paper are different for hydrophilic and hydrophobic membranes. Hydrophilic
membranes are thought to undergo a reorganization of the polymeric chains,
resulting in larger pores and correspondingly lower rejections of dissolved
components; water fluxes remain approximately unchanged. For hydrophobic
membranes, the influence on the local character of the pores is thought to be more
important: the pores become locally more hydrophilic, so that the water flux
increases. Rejections may be smaller or equal when the chain reorganization is
limited. Scanning electron microscopy images showed that these mechanisms are
realistic. However, further verification with microscopic techniques such as
transmission electronic microscopy (TEM) or atomic force microscopy (AFM) is
needed, along with nanofiltration experiments in which the duration of the
exposure is examined (kinetics of the interactions).

The performance of a nanofiltration membrane in an organic solvent
instead of water is expected to be even more complicated. Changes in water
fluxes are evidently related to hydrophilicity. When an organic solvent is
transported through the membrane, the influence of changes in membrane
structure should be different; hydrophilic groups play a very different role for
organic solvents than they do for water. Experimental determination of the
membrane performance in organic solvents should further clarify the
mechanisms of interactions between membranes and organic solvents. However,
understanding the impact of organic solvents on the performance of a membrane
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in aqueous solution will help to provide insight in the mechanisms involved
during transport of organic solvents through the membrane.
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