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ABSTRACT: A novel solvent-evaporation-based process that
exploits template-particle stabilized bicontinuous emulsions for
the formation of previously unreached membrane morpholo-
gies is reported in this article. Porous membranes have a wide
range of applications spanning from water filtration,
pharmaceutical purification, and battery separators to scaffolds
for tissue engineering. Different situations require different
membrane morphologies including various pore sizes and pore
gradients. However, most of the previously reported
membrane preparation procedures are restricted to specific
morphologies and morphology alterations require an extensive
optimization process. The tertiary system presented in this
article, which consists of a poly(ether sulfone)/dimethylace-
tamide (PES/DMAc) solution, glycerol, and ZnO-nanoparticles, allows simple and exact tuning of pore diameters ranging from
sub-20 nm, up to 100 nm. At the same time, the pore size gradient is controlled from 0 up to 840%/μm yielding extreme
asymmetry. In addition to structural analysis, water flux rates of over 5600 L m−2 h−1 are measured for membranes retaining 45
nm silica beads.
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■ INTRODUCTION

Porous membranes enable drinking water purification,1

biotechnological downstream processes,2 battery separators,3

reverse osmosis,4 and food5 separation processes. Depending
on their specific application, different membrane morphologies
are required. For the convenient separation of particles such as
tiny parvoviruses from pharmaceutical goods, membranes thick
and flexible enough to be mechanically stable while exhibiting
appropriate pore sizes are desired. However, the assumption of
symmetric pores predicts a linear decrease of flux with an
increasing membrane thickness as set out by the law of Hagen
Poiseuille6 (eq 1)

≈V
d
t

2

(1)

where V is the volume flow, d the pore diameter, and t the
membrane thickness. Consequently, efficient dead-end filtra-
tion membranes mostly exhibit asymmetric structures in order
to minimize the thickness of the selective layer, which contains
small flux-limiting pores. Today, many synthesis approaches
aim to produce asymmetric high-flux membranes using
methods including thermally induced phase inversion,7

bicontinuous microemulsions,8 and particle stabilized micro-
emulsions,9 block copolymers,10−13 track etch,14 supercritical
gel drying,15 and the nanoparticle template removal techni-

que.16 The currently most established method for producing
porous membranes in a larger scale is the phase inversion,17 a
process where a polymer-rich casting solution is immersed in a
nonsolvent bath. Casting solutions that lead to many well
performing membranes can contain components including
mixtures of polymers, additives, and solvents. However, the
process of phase inversion is not yet fully understood, limiting
the fast design and optimization of new and already existing
membranes. The key-obstacle is the difficulty of controlling
kinetics while the fast demixing process of the aforementioned
substitutes as the casting solution enters the coagulation bath.
Furthermore, this limiting step minimizes the free choice of
polymers and additives as well as the range of options for their
combination.
Here we report a novel filtration membrane fabrication

procedure allowing the simple and exact shaping of porous
polymer membranes with unexpected, previously unmaintained
asymmetric properties. In addition to the method’s simplicity
and the large scale availability of all the ingredients it has great
upscale-potential via roll-to-roll coating.18 Furthermore, this
method could be adapted to many other polymer/solvent-
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additive-nanoparticle emulsions than the PES/DMAc-glycerol-
ZnO nanoparticle combination described here.
The stable membrane formation is enabled by physically well

investigated phenomena, namely, spinodal decomposition of
particle stabilized binary liquids9,19 and the usage of template
particles as such.16 Membranes produced with varying
ingredients concentrations and varying process parameters
were analyzed on their morphology at different steps during
membrane synthesis. This allowed deciphering most of the
membrane formation mechanism, as well as the key parameters
for guiding the pore size and pore size gradient. By only varying
the concentration ratio of glycerol and ZnO nanoparticles, pore
sizes form sub-20 nm up to 100 nm and various pore size
gradients could be reproducibly created. A selection of
membranes was finally tested on pure water flux rates as well
as silica nanoparticle retention rates, and compared to
commercially available high-end virus filters.

■ EXPERIMENTAL SECTION
Membrane Preparation. Poly(ether sulfone) (PES) (Veradec, A-

201) 9 wt % was solved in dimethylacetamide (DMAc), than mixed
with ZnO-nanoparticles (Zincox 10, IBUtec) and either glycerol
(Sigma-Aldrich, ≥ 99.5%), triethylene glycol (TEG) (Sigma-Aldrich
99%) or polyethylene glycol (PEG) 200 (Acros). The particles were
dispersed with an ultrasonic horn (Hielscher UP 400s, Germany) by
sonicating for 1 min at 400 W. A spiral film applicator (Zehntner,
ZAA2300, 50 μm spiral) was used for producing films of A4 size. After
the films were dried in an oven at 100 °C for 5 min, the ZnO-
nanoparticles and additives were extracted by incubating the film in a 1
M HCl bath for 5 min followed by incubation for 5 min in a water bath
for removing the acid.
SEM Analysis. An FEI nova NanoSEM 450 was used at 3 kV and

spot-size 2.5. The samples were coated with 3 nm of platinum (Leica
EAA, SCD005). For analyzing cross sections, the membranes were
broken after cooling them with liquid nitrogen. Pore size distribution:
The surface-area of at least 150 pores per sample was measured
manually by Photoshop analysis. Cross section gradient: Six equally
distributed lines, parallel to the surfaces, were drawn along the cross

section for each sample, at arbitrary location. The data points in Figure
3b correspond to the average pore-size along these lines.

Liquid Chromatography Mass Spectrometry (LC-MS) Anal-
ysis. All membrane samples were solved in DMAc (Sigma-Aldrich, ≥
99.9, 1:10 wt %). The solvent consisted of 90 wt % tetrahydrofuran
(Sigma-Aldrich, ≥ 99.9), 9.9 wt % methanol (FisherBio, LC/MS
grade), and 0.1 wt % formic acid (FisherBio, LC/MS grade). We run
0.5 mL/min at 40 °C through a Zorbax column Eclibse XDB 4.6 ×
150 mm using an Agilent 1100 Series LC device coupled with a MSD.

Nitrogen Adsorption/Desorption Measurements. The nitro-
gen adsorption/desorption measurements at 77 K were conducted
using a Micrometrics TriStar II 3020 V1.03. The BJH Desorption
Cumulative Pore Area was used for estimating the pore-size
distribution. Prior to the measurements the samples were degassed
at RT under a pressure of 10−4 mbar.

Pure Water Flux Measurements. All the measurements were
conducted with an in-house built filtration device. A filtration area of
0.8 cm2 and a constant pressure of 2 bar were used. To subtract any
flux reducing effects occurring because of membrane compaction,21 we
conservatively measured the pure water flux (PWF) after 2 h on
stream.

Nanobead Retention Test. The following nanobeads were used:
sicastar-greenF (micromod), plain, 25 nm, at a concentration of 250
μg mL−1. SPHERO Carboxyl Fluorescent particles (Spherotech), Nile
Red, 45 nm at a concentration of 0.01 w/v %. Three milliliters per
measurement were used. The fluorescence of the filtrate was measured
using a plate reader (Tecan, infinite F200). For the sicastar-greenF
beads 485/535 nm (excitation/emission) and the for the SPHERO
Carboxyl Fluorescent particles in Nile Red frequencies of 540/620 nm
were used.

Polymer Solution Viscosity Measurement. The viscosity of a 9
wt % PES solution (in DMAc) plus 100 wt % (respective to the PES)
glycerol was measured on a ARES-G2 device. The measurement was
conducted at 50 °C (in a forced convection oven) with parallel plates
of 50 mm in diameter and a gap of several 0.1 mm. The shear rate
ramp was 1−100 and 100−1 s−1, 15 s each ramp.

■ RESULTS AND DISCUSSION
Membrane Synthesis and Pore-Size Variation. Casting

solutions were prepared from mixing PES dissolved in DMAc,

Figure 1. Asymmetric membrane production. From left to right: A PES solution in DMAc is mixed with soluble nanoparticles as pore templates and
a second liquid (e.g., glycerol). Casting on a glass plate yields composite films. During solvent evaporation a thin top layer of nanoparticles was
observed for high glycerol/ZnO ratios. After solvent evaporation and polymer coagulation the pore templating nanoparticles are dissolved with
diluted HCl. We apply the terminologies “bottom side” for the membrane side facing the carrier (glass plate), and “top side” for the selective layer
facing the air (i.e., where the solvent has evaporated). Within the selective layer which is located below the membrane’s top side, the pores exhibit the
narrowest diameter. The supporting layer follows below this selective top layer.
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ZnO-nanoparticles with an average diameter of 20 nm and one
polyfunctional alcohol (glycerol, TEG or PEG 200). After
casting the membrane-film onto a glass plate and drying it via
solvent evaporation, the soluble nanoparticles, as well as the
additives, were removed using a weakly acidic bath (see Figure
1). All concentrations are given as a ratio, e.g. 70/30 50 wt %,
meaning the wt. ratio of ZnO-nanoparticles to PES followed by
the wt % of additive relative to the mass of PES.
We detected enormous alterations in the membrane

morphology while varying the casting solution composition.
Specifically, concentrations of glycerol and template ZnO
nanoparticles were discovered to be the key parameters in
exactly controlling the pore size and pore gradient along the
membrane cross-section. To systematically investigate the
influence of increasing glycerol concentration as an additive,
we initially set a constant ZnO/PES ratio of 70/30 wt %. This
composition allows reliable porous membrane preparation
without a second liquid phase (i.e., no additive). We gradually
increased the glycerol concentration up to 100 wt % (with
respect to the polymer weight). Starting at a mean pore
diameter of 19.5 nm for additive-free membranes, the pore-size
increased with the additive content. Optical evaluation by SEM
of at least 150 pores was used to measure the pore size
distributions (see Supporting Information Figure S1 and S2).
The average pore size as a function of the additive content is
illustrated in Figure 2. The reason for coupling glycerol content

and pore size increase might initially seem surprising as well-
established phase inversion usually applies glycerol as a
coagulant for pore size minimization.22 However, during
synthesis of our membranes, glycerol could be considered as
a pore forming spacer, which, similarly to the template
nanoparticles is washed out of the polymeric matrix by acid
bath incubation. In order to investigate the phenomenon of
pore size increase in greater detail, we analyzed membranes
produced with 20 and 50 wt % glycerol by SEM at two points

during the preparation, that is, before and after particles were
etched out (Figure 3a). Increasing the glycerol concentration

from 20 to 50 wt % clearly increased the agglomeration of
nanoparticles in this highly packed system of ZnO/PES (70/
30; high solid loading). Interestingly, the effect was broadly
applicable, as substituting glycerol by TEG or PEG 200
afforded similarly robust behavior at comparable additive
concentrations (see Figure 2, right). To independently confirm
the SEM pore-size analysis, the pore-size distributions were also
calculated with the Barrett−Jones−Halenda (BJH) method
using nitrogen desorption isotherms as latter is favored for
mesoporous structures.23 Since this method is only suitable for
measuring pores in the lower nanometer range, a limited
number of samples could be meaningfully analyzed. Adding
more glycerol than polymer (over 100 wt %) to a 70/30 (ZnO/
PES) ratio mixture lead to membranes with decreased overall
stability and homogeneity.

Gradient Formation within Highly-Packed Systems.
Interestingly, increasing the glycerol content beyond 50 wt %
did not enlarge the pore-size at the top side any more (Figure 2,
Supporting Information Figure S1). To further deciphering the
complex morphological changes during preparation, the top

Figure 2. Control on pore size through additive concentration
variation. The average pore size of membranes produced with of 70/30
(wt % ZnO/wt % PES) and varying concentrations of second-phase
liquids (e.g., glycerol, TEG, and PEG 200) were obtained by SEM
image analysis and nitrogen desorption analysis. The pore sizes reflect
an average diameter of at least 150 pores within the selective layer. The
asterisk (*) indicates that nitrogen adsorption/desorption was not
applicable as the specific surface area of these samples was insufficient.

Figure 3. Increase of pore size and gradient along the cross section
with increasing amount of glycerol. (a) PES membranes (70/30)
prepared with 20 or 50 wt % of glycerol. The left side pictures display
samples before the acid wash and nanoparticle removal, that is, the
ZnO-particles are still present. The right side illustrates the empty
pores within the membranes. All images were taken with the same
magnification. (b) Illustration of the pore diameter as a function of the
position on the cross section. The analyzed membranes (70/30) were
prepared from mixtures containing 50, 70, or 100 wt % glycerol.
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side analysis was supplemented by an investigation of a series of
bottom sides and cross sections of membranes (70/30). A
glycerol content of up to 50 wt % during preparation lead to a
symmetrical pore size increase on both the top-and bottom
side. At 50 wt % glycerol, the symmetric cross-section displayed
a surface pore size close to 100 nm at both sides. Significant
deviations, however, occurred on the top and bottom when the
glycerol concentration was further increased up to 100 wt %.
While the top layer was not affected by further increasing the
glycerol concentration, the average pore size on the bottom
side grew from 100 nm to 1 and 2 μm for glycerol
concentrations of 70 or 100 wt %, (Figure 3b). The volume
ratio of PES to glycerol decreased from 65/35 to 57/43 and
48/52. For the quantification of the membrane’s asymmetry, we
measured the average pore size along the membranes’ cross
sections. These pore size profiles were plotted as a function of
their position in the membrane’s cross section (Figure 3b). To
better compare membrane gradients we introduced a measure,
which describes the increase of pore size in %/μm along the
cross section assuming a linear increase. Therefore, the
variation in size of the top and bottom pores of the membranes
with a thickness between 8 and 11 μm were taken into account.
Membranes produced with 70 wt % of glycerol exhibited a
gradient of 124%/μm, which grew up to 208%/μm for a
glycerol value of 100 wt %. The increase of the gradient lead to
a reduction of the depth selective layer size from 100% to about
5% of the total membrane thickness (Supporting Information
Figure S11).
Initially, the ratio of DMAc to PES/glycerol within the used

casting solution allowed a homogeneous mixture, which after
adding the ZnO particles formed a stable dispersion. During
progressing solvent evaporation the PES/DMAc−glycerol−
ZnO system reached a point, where the immiscible PES and
glycerol underwent spinodal demixing. Jaiswal et al.24 modeled
the growth of an initial gradient caused by solvent evaporation
on the surface of a thin layer over different periods of time, a
phenomena termed surface-directed spinodal decomposition.
Because of structural analysis, we believe that the gradient
formation within the investigated bicontinuous liquids during
solvent evaporation could arise from surface-directed spinodal
decomposition. We experimentally confirmed Jaswal et al.’s
prediction of increasing asymmetry for prolonged demixing
times (samples with 70/30 100%). The phase separation time
for this mixture can be controlled by the heating rate (i.e., rate
of solvent evaporation). Lower temperatures (e.g., 50 °C) lead
to increased spinodal decomposition affording membranes with
bigger internal cavities. As an independent confirmation, the
effect significantly decreased when the membrane preparation
experiments were repeated at temperatures of 100 °C or even
130 °C (rapid solvent evaporation, see Supporting Information
Figures S5, S6, and S7). We additionally tested the robustness
of gradient formation by drying membranes “up-side-down”
and, thereby, reversing the gravitational impact on the system.
Even these changes did not inhibit the gradient formation as
illustrated in Supporting Information Figure S8.
Effect of Particle Loadings on the Formation of

Droplet-like, Asymmetric and Symmetric Membranes.
The morphological variations described until now all involved a
constantly high ZnO to PES ratio of 70/30. However,
regardless the PES to glycerol ratio and film drying time,
template particle concentration was identified as an additional
key parameter influencing the system’s pore-size. Tuning the
particle concentration yielded even more extreme membrane

internal gradients and more defined selective layers. Within that
system, the nanoparticles seem to be sequestrating at the
interfacial surface of the two immiscible liquids, similar to
bicontinuous interfacially jammed emulsion gels, also called
“bijels”.19 As illustrated in Figure 3b, with increasing amounts
of glycerol and a fixed ratio of PES/ZnO the pore size of the
percolating system is growing, a typical behavior of
bicontinuous systems with particle stabilized interfaces.9,19,25

We therefore expect the membrane cavity size within the
supportive layer to increase if the ratio of ZnO-particles to
glycerol is lowered. While keeping the glycerol content at 50 wt
% (with respect to polymer weight), we systematically lowered
the ZnO-particle to PES ratio from 70/30 to 60/40, 50/50 and
30/70 (Figure 4). For decreasing particle concentration,

asymmetric structures with increasing cavity size evolved.
When reducing the ratio from 50/50 to 30/70 a transition
between bicontinuous, percolating structures and droplet-like
structures occurred (Figure 4a, 30/70).
The formation of droplet-like emulsions and subsequent

transformation into spherically shaped cavities was confirmed
through detailed analysis of the 30/70 membrane’s cross
section before acid treatment (i.e., still containing the ZnO
nanoparticles, Figure 4b). The magnified area (Figure 4b, right
side) highlights particles still located on the polymeric surface,
which is the former interface between glycerol and polymer
liquid domains. Additionally imprints of the same size as the
ZnO template particles were confirmed on the polymeric pore
surface of membranes after removing the particles (Supporting
Information Figure S10).
Importantly, compared to high ZnO concentrations, the

membrane’s top-layer exhibited no bicontinuous or character-
istic spinodal patterns and single or small agglomerates of
nanoparticles dominated its structure at the lower ZnO/PES
ratios (Supporting Information Figure S9). This behavior
resulted in a decrease of the top layer pore size and pore size
distribution, a contrast to membranes containing the same

Figure 4. Asymmetry as function of template particle content. (a) All
membranes were produced with 50 wt % of glycerol (with respect to
the PES content)). Four ratios of ZnO/PES were used: 30/70, 50/50,
60/40, and 70/30 (wt %/wt %). (b) A 30/70 membrane before
dissolving the ZnO-nanoparticles with acid.
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amount of glycerol, but higher particle loadings. Routh et al.20

have modeled a phenomena called skinning, which describes
the diffusion of spherically shaped particles to the top layer of
thin films forming a skin layer during solvent evaporation
(illustrated in Figure 1). They stated that if the particle’s
diffusion rate is much larger than the time for evaporation
(Peclet number much greater than one)

̇ ≫HE D/ 10 (2)

where H is the thickness, Ė the surface reduction rate, and D0
the diffusion coefficient, a fraction of the initially well dispersed
particles will form a skin on top of thin films (eq 2).20 As the
Peclet number in our system is exceeding one, the requirements
for skinning seem to be fulfilled (see Supporting Information
Skinning of Particles).
Designing Ultra-High Membrane Gradients. With the

aim of producing a stable, mesoporous membrane with a
maximum gradient and narrow pore size distribution within a
thin selective layer, we selected an intermediate mixture of
ZnO/PES/glycerol of 1/1/1 by weight (50/50, 100% glycerol).
Concluding from SEM analysis (Figure 5, right side), the top
layer exhibited pores mostly caused by single template particles
or agglomerations of a few particles resulting in an average-pore
size of 25 nm (see pore-size distribution Figure 5). Pores on the
bottom side exhibited an average diameter of 4.2 μm, indicating
a pore size increase over a 20 μm thick cross section of more
than 160 times, resulting in a gradient-value of 840%/μm, again
assuming a linear increase in pore size. This image analysis
confirmed that these mixtures lead to a casting solution
favoring a polymer skin formation containing mostly single
particles, while maintaining a high pore gradient within the rest
of the membrane.

We summarized the key properties of different membranes in
a three-dimensional diagram (Figure 5) for various initial liquid
compositions. At low glycerol and ZnO concentration, droplet-
like structures afford polymer films with no water flux (Figure
5, black area). If the ratio of glycerol to ZnO nanoparticles
exceeds a certain threshold uncontrolled spinodal demixing
takes place and the resulting inhomogeneity leads to instable
membranes. In case a too low polymer to ZnO/glycerol ratio is
used, no stable membranes could be formed either (Figure 5,
gray area). Stable, bicontinuous structures yielding membranes
with reliable, technically attractive water flux occur for the
remaining intermediate concentrations (see Figure 5, white
area).
In order to detect potentially remaining polyfunctional

alcohols in the final membranes, LC-MS was conducted from
the membrane samples dissolved in DMAc. Membranes that
were produced with high concentrations of additives (100 wt %
of glycerol, 150 wt % of TEG, 150 wt % of PEG 200) finally
contained TEG of around 0.05 wt % and a PEG 200
concentration below 0.05 wt %. Because of the unfavorable
detection limit of glycerol within the PES/DMAc no valuable
answer could be gained for this additive. Considering glycerol’s
small molecule size and its similar properties compared to the
above used ethylene glycols, it can be assumed that the glycerol
residuals range in a similar or lower order of magnitude to
those of membranes containing TEG or PEG 200.

Filtration and Bead Retention Tests. Finally, to test the
accuracy and performance of the ultrafiltration membranes
obtained, we conducted PWF measurements and bead
retention tests with fluorescent silica of 25 or 45 nm in
diameter. All the tested membranes consisted of PES and
therefore interact similarly with the test particles, allowing the
comparison of retention results. Membranes containing 70/30

Figure 5. Three-Component Diagram. Left side: Diagram illustrating the relation between the casting solution composition and the resulting
membrane’s properties. Compositions within the gray area lead to no stable membrane, the ones in the white area result in bicontinuous structures
with stable flux. The compositions within the black area lead to droplet-like structures and membranes without water flux. The ratio (wt % ZnO/wt
% PES) of different membrane series is presented in the legend. Right side: images of a membrane made of 50/50 (ZnO/PES) and 100 wt % of
glycerol, including top view, side view plus magnification of the thin selective layer (top) and bottom view.
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(ZnO/PES) and various additive concentrations were
compared to commercially available high-end virus filtration
membranes (Sartorius, Virosart CPV and Millipore, Viresolve
pro), which we assume are representing the state of the art in
phase inversion (Table 1). The PWF rates for membranes

produced with TEG can be found in Supporting Information
Table S2. For better reliability in order to take the potential
membrane compaction (flux reductions in PES membranes up
to 60%)21 into full account, the PWF was measured after 2 h on
stream. Sartorius Virosart CPV retaining 99.9% of 25 nm silica
beads exhibited a PWF of 104 L/m2/h at 2 bar, and the
Millipore Viresolve pro retaining 82% of 25 nm beads
performed a PWF of 348 L/m2/h at 2 bar. These measure-
ments seem to illustrate the trade-off between PWF and the
retention capacity. Surprisingly 70/30 (ZnO/PES) manufac-
tured membranes using 50 wt % of PEG 200 retained 99.91%
of 25 nm silica beads still allowing a PWF of 740 L/m2/h at 2

bar, which is over seven times more than the Virosart CPV filter
with similar bead retention.
In general, the PWF increased and the bead retention for 25

nm particles decreased with increasing additive content as
expected. To illustrate the impact of asymmetric membrane
design (Figure 6), we calculated the theoretical flux while
assuming symmetric pores of equal size throughout a cross
section and used the law of Hagen−Poiseuille6 (eq 1). For 70/
30 (ZnO/glycerol) membranes containing up to 50 wt % of
glycerol (mostly symmetric), the measured flux was slightly
higher than the calculated flux.
Even though no significant gradient occurs at those additive

concentrations yet, glycerol may have promoted the pore-
system’s connectivity. Increasing the glycerol concentration
from 50 to 70 wt % nearly doubled the pure water flux from
2800 to 5600 L/m2/h at 2 bar, regardless of the average pore
size of the top layer even slightly dropped. The 45 nm bead
retention increased from 80 to 97% for this increase of glycerol
(see Table 1).

■ CONCLUSIONS

In summary, our novel membrane fabrication procedure
successfully combines bicontinuous particle stabilized emul-
sions with the template removal technique, enabling a simple
and effective control of membrane morphologies. Specifically,
we tuned the thickness of the membrane’s selective layer from a
couple of 100 nm to tens of micrometers and varied the pores
size gradient along the cross section form symmetric to highly
asymmetric channels. Furthermore, the template ZnO nano-
particles used in this study allowed selective pore formation
from below 20 nm up to 100 nm. Within further studies, we
plan to determine the membrane’s selectivity, meaning the ratio
of filtrate recovery and rejected particles. Besides the field of
filtration, this novel technique potentially opens up new
opportunities in the area of tissue engineering,26,27 tunable
particle stabilized bicontinuous microemulsions8 and solar cell
research.28,29 For all of these fields tunable porous structures in
the nano-or micrometer range without (particles removed) or
in combination with nanoparticles have great potential.

Table 1. Comparison to Commercial Phase Inversion
Derived Membranesa

membrane
retention 25 nm
silica beads [%]

retention 45
nm silica beads

[%]

pure water flux
[L m−2 h−1] at 2 bar

after 2 h

no additive 99.93 ± 0.00 c 49 ± 8
20% glycerol 99 ± 0 97 ± 4 140 ± 30
30% glycerol 91 ± 8 94 ± 3 960 ± 90
50% glycerol 28 ± 8 80 ± 5 2800 ± 170
70% glycerol c 97 ± 1 5400 ± 150
20% PEG 200 99.97 ± 0.04 c 90 ± 5
50% PEG 200 99.91 ± 0.05 c 740 ± 40
100% PEG 200 33 ± 8 c 4800 ± 300
Sartorius
Virosart CPV
Minisart

99.9b c 108b

Millipore
Viresolve Pro

82b c 348b

aMembranes containing 70/30 and varying amounts of glycerol (0, 20,
30, 50, 70 wt % with respect to PES wt %) or PEG 200 (20, 50, 100 wt
% with respect to PES wt %) were tested for retention of 25 or 45 nm
silica particles. Two commercial membranes were tested as well.
Additionally the pure water flux was measured for comparison. For our
own membranes: N = 3, errors are calculated by the standard error of
the mean. bOnly measured once. cNot measured.

Figure 6. Bead retention and flux rates. Left sided graph: Measured pure water flux and calculated flux assuming symmetric membrane structure as a
function of a membrane’s glycerol content. Right graph: 25 and 45 nm silica nanobead retention analysis. The gray shaded blocks in both graphs
highlight the increase in flux while maintaining good 45 nm bead retention as a consequence of the increasing asymmetry within the membrane. * 45
nm bead-retention not measured as the 25 nm beads are retained, ** 25 nm bead-retention not measured as they already passed the membranes
containing 50 wt % of glycerol. *** not tested.
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