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Ultrathin membrane technologies hold promise for improvements in membrane-based separation,
however much remains to be learned about the ability of these membranes to support practical filtration
processes. Here we examine the performance of new nanoporous silicon nitride (NPN) membranes in
dead-end filtration using different methods for generating transmembrane pressure while varying na-
noparticle types, sizes and concentrations. We infer membrane fouling by the amount of filtrate gen-
erated after a minute of dead-end filtration and show that each of these parameters has a strong in-
fluence on the rate of NPN fouling. Inverted centrifugation, which pulls large particles and aggregates
away from the membrane as solvent passes through, increases filtrate volumes compared to forward
centrifugation. Fitting filtration results to classic fouling models indicate that particles larger than the
pores appear to foul membranes via cake formation at all concentrations, while filtration with particles
much smaller than pores are impacted by pore obstruction before cake build up. Using direct compar-
isons in centrifuge devices, we show that NPN membranes have a comparable capacity to process sus-
pensions of small colloids by dead end filtration at similar solvent speeds to thicker polycarbonate track-
etched membranes, even with permeabilities more than two orders of magnitude higher.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ultrafiltration processes separate large and small solutes by
forcing colloidal solutions through a nanoporous membrane sieve
and have been part of industrial processes for decades [1]. The
performance of an ultrafiltration membrane is often limited by
fouling, which can occur either through physical pore interactions
with the colloids or from a loss of permeability as colloids back up
behind the filter. To minimize fouling, large-scale processes are
often configured in a stirred cell or tangential flow filtration (TFF)
device that sweeps foulant parallel to the membrane throughout
the process. Studies have shown the importance of several para-
meters in the performance of ultrafiltration including species
concentration [2,3], solution temperature [4], feed flow rate [5],
stir speed [6], pH [7,8], particulate size [3,9], and membrane pore
size [3].

In research laboratories, ultrafiltration is most commonly per-
formed in benchtop centrifuges to concentrate samples, perform
McGrath).
buffer exchanges, and separate colloids of significantly different
sizes. Examples of samples prepared with benchtop centrifugation
include proteins [10,11], nanoparticles [12–14], and pathogens
[15–17]. Compared to TFF, dead-end ultrafiltration in a centrifuge
is simpler, inexpensive, and less diluting of typical small-volume
laboratory samples. Without a tangential component to the flow
retained colloids can clog membranes quickly even at the labora-
tory scale and limit their utility.

As reviewed by Bacchin et al., considerable attention has been
given in the literature to the investigation of the critical flux,
where the flux in a tangential flow or dead-end filtration system is
kept below some value so that the dispersive forces in the system
will prevent the solute particles from condensing and depositing
onto the membrane. At fluxes above this value a highly im-
permeable cake forms that dramatically decreases performance
[18]. Across a variety of membrane types a transition from block-
age models to cake filtration is observed after some time [19,20].
Generally, lower fluxes lead to less severe fouling [21–23], as the
ameliorating effects of stirring or tangential flow have less of a
concentration buildup against which to work. In the filtration of
very small (1–100 nm) particles, Brownian back-diffusion is a
significant driver of the dispersion of the local concentration
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increase at the surface of the membrane [24], especially in the
absence of stirring or tangential flow.

Over the last decade, silicon manufacturing techniques have
been used to create ultrathin (50 nm thick) nanoporous mem-
branes [25,26]. While the recent development of lift-off methods
are enabling ultrathin membrane sheets with areas greater than
100 cm2 [27], the silicon-based chip remains the most common
format for nanomembranes, with small sizes (�25 mm2) that are
suited to laboratory scale (�1 mL) filtration [26,28]. We have
successfully integrated nanomembrane chips into custom-built
centrifuge tubes and used the devices to measure the hydraulic
permeability and sieving properties of nanomembranes [26].
These experiments have shown that nanomembranes exhibit a
significant and expected increase in hydraulic permeability over
conventional materials that are �10–1000� thicker [28]. Higher
permeability alone is not sufficient to enable a membrane to be
practically suited for ultrafiltration if its higher permeability is
accompanied by a low capacity – a measure of the amount of
material that can be processed by a membrane before it becomes
useless from the effects of fouling [29]. Achieving high capacity is
particularly challenging for nanomembranes because only a frac-
tion of the chip area is permeable or ‘active’ while the rest is
rendered impermeable by the silicon support structure.

In this work, we examine fouling and capacity of NPN mem-
branes created using self-assembling pnc-Si [25] as a template.
NPN membranes are more mechanically and chemically robust
than pnc-Si while exhibiting similar flow and separation char-
acteristics. Because we are interested in small-volume laboratory
separations, we focused on the performance of NPN in a 1.5 mL
centrifuge tube. We found that the particle type, size and con-
centration, and the configuration of the system all impacted the
capacity of NPN. Particles larger (100 nm) than the pores (37 nm)
clog membranes at concentrations three orders lower than parti-
cles much smaller (20 nm) than pores. Using a modified version of
classic fouling models that account for the loss of head pressure
during a centrifuge process, we analyzed temporal flow to de-
termine the mechanisms of fouling for NPN. We found that both
particle sizes eventually clog by cake formation but pore restric-
tion can be seen prior to cake formation in the case of small par-
ticles. Finally we compared NPN to polycarbonate track-etched
(TE) membranes with the same number of pores under identical
operating conditions. We find that NPN membranes have a com-
parable capacity to TE membranes even with permeabilities more
than two orders of magnitude higher, and argue that this is a di-
rect result of their much thinner cross section.
Fig. 1. NPN pore size distribution. a) A TEM image of a NPN nanomembrane. Circles wit
pits in the surface. b) A pore size histogram generated using image processing software
2. Experimental

2.1. Nanomembrane fabrication

Complete details regarding membrane fabrication can be found
in a previously published work [26]. In summary, a three layer
stack of SixNy, amorphous silicon (a-Si), and silicon dioxide (SiO2)
are deposited onto a 300 mm thick double-side-polished Si wafer
which undergoes a rapid thermal anneal in order to crystalize the
a-Si and form a pnc-Si film. The SiO2 layer is removed and reactive
ion etching in a Trion Minilok RIE transfers the pores into the SixNy

film. The pnc-Si mask is removed with a XeF2 etch. The active
membrane areas and chip edges are defined on the back side of
the silicon wafer with standard lithography processes and etched
using ethylene diamine pyrocatechol. Membranes are imaged in a
transmission electron microscope (TEM) (Fig. 1a) and a pore dis-
tribution is calculated using custom image processing software
(Fig. 1b).

2.2. Separations

Unless otherwise indicated, all separations were performed by
assembling the filters into a custom ‘SepCon’ housing [26]. All
SepCons were prewetted with 10 mL buffer on the top and bottom
as a means of ensuring a thorough and continuous wetting of the
inside of the pores. They were also prewetted as a means of re-
ducing the possibility of antibodies adhering to a dry SixNy surface
and prematurely clogging the pores. Reverse centrifugation was
performed by modifying both 1.5 mL conical centrifuge tubes and
the SepCon assembly. The centrifuge tubes were filled with
�0.5 mL of polydimethylsiloxane (PDMS). The PDMS served to
eliminate ‘dead volume’ below the lowest point that the SepCon
could reach in the centrifuge tube, which was just above the
conical section. The SepCons were modified by cutting off the top
portion of the reservoir that ordinarily rests on the top rim of the
centrifuge tube. Removing the top section of the SepCon allows
the remaining piece to slide lower than normally into the cen-
trifuge tube, further reducing ‘dead volume’. A Beckman Coulter
Microfuge 18 centrifuge fitted with a F241.5P angled rotor was
used for all centrifugations. All centrifuge separations in either the
forward or reverse orientations were done at 3000 rpm (690g)
unless otherwise noted. Filtrate volumes were determined by
measuring the difference in mass of the conical centrifuge tube.
Polycarbonate track etched membranes with pore sizes of 30 nm
(PCT00313100) and 50 nm (PCT00513100) were purchased from
Sterlitech. These membranes were fixed to the SepCon housing
using PDMS. The PDMS fixative obscured a variable amount of the
active area of each membrane, so a photo was taken of each of the
cured membranes used for separations from which an effective
h a rim are pores that span the thickness of the membrane, while gray patches are
shows that the average minor axis (the restricting axis) is �37 nm.
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active area was calculated. Being hydrophilic, it was not necessary
to wet the backside of these membranes. While separations using
NPN membranes maintained a reservoir of �10 μL on the back-
side of the membrane, track etched membranes emptied im-
mediately into the bottom centrifuge vial, likely due to the dif-
fering hydrophobicities of the two membrane materials. Because
of this, we compare the volume passed through wetted NPN and
unwetted tracked etched membranes.

2.3. Materials

All water used for dilution purposes was UltraPure Distilled
Water, purchased from Invitrogen life technologies. The phosphate
buffered saline (pbs) solution was diluted from a 10� , pH 7.2 so-
lution purchased from Gibco by life technologies. All colloids were
diluted using a buffer of 1xPBS with 0.1% Tween 20. The Tween 20
(polyoxyethylene-sorbitan monolaurate) was purchased from
Sigma. Both unlabeled and fluorescently labeled IgG were used in
this study. The unlabeled IgG was from human serum, reagent
grade, Z95% (SDS-PAGE), essentially salt-free, lyophilized powder,
purchased from Sigma-Aldrich. The fluorescently labeled goat
anti-rabbit IgG (HþL) Antibody, Fluorescein (FITC) Conjugate, af-
finity purified, was purchased from Novex life technologies. The
two antibodies were combined so that 2.5% were fluorescently
labeled. The stock polystyrene NPs were carboxylate FluoSpheres,
2% solids, blue (365/415), in distilled wafer with 2 mM azide
purchased from Invitrogen life technologies.
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Fig. 2. Total filtrate volume as a function of time for various solutes and con-
centrations. a) Time progression for 100 nm polystyrene nanoparticles over a range
of concentrations. b) Time progression for 20 nm polystyrene nanoparticles over a
range of concentrations. c) Time progression for IgG over a range of concentrations.
All three solutes have increased filtrate volume with decreased concentration.
Comparing (a) and (b) shows that at the same concentration, solutions with 20 nm
PS NPs flow faster than those with the larger 100 nm PS NPs.
3. Results

We first measured the volume of filtrate collected as a function
of time for particles smaller (20 nm) and larger (100 nm) than the
pore sizes of the NPN membranes (�40 nm). All filters were pre-
wetted before 300 mL of solution was added to the SepCon re-
servoir. The solutions were filtered using an angled centrifuge at
3000 rpm (690g). Fig. 2 plots total filtrate volume as a function of
time for (a) 100 nm polystyrene NPs, (b) 20 nm polystyrene NPs
and (c) IgG. Several concentrations were used for each of these
three solutes. Concentrations for 100 nm NPs ranged from 109 up
to 1013 parts/mL. 20 nm NPs ranged from 1011 to 1015. IgG con-
centrations ranged from 2�1014 up to 2�1016 parts/mL (0.5–
5 mg/mL). When spinning buffer only or working with low particle
concentrations, the filtrate volume reached its maximum before
the full 300 s (see Fig. 2a.) Because of geometric limits it was not
possible to completely empty the SepCon reservoir and generally a
volume of 250 mL and above is considered a completed filtration.
All samples have their highest flux at the beginning of the se-
paration, with filtrate volumes generally leveling off after 60 s. In
part this is caused by a larger force acting on the initial volume
which decreases as the fluid height diminishes. Additionally, there
is very little particulate on the surface of the membrane at the
outset and therefore buffer may flow freely. With time, some pores
become partially or completely blocked with particles, while the
rejected colloids begin to accumulate at the membrane surface to
form a cake layer that reduces the effective permeability of the
filter.

Examining the filtrate volume after 1 min of filtration (Fig. 3a),
more clearly reveals the dependence of flux on particle con-
centration. While increasing particle concentration causes a more
rapid flux decline in all cases, the flux is far more sensitive to low
concentration of large particles. Because the 100 nm NPs are 2–3
times larger than the pores in the membrane, all of the particles
will be rejected and contribute in some way to the cake layer. By
comparison the 20 nm NPs are small enough to pass through the
membrane, albeit with some hindrance and rejection. Below
1012 parts/mL, the entirety of the solution passes through the
membrane after 1 min, while above this concentration there are
enough particles rejected to detect a significant flux decline. At
concentrations of 1013 and above the solutions act similar to the
higher concentrations of 100 nm NPs with very rapid fouling in
1 min and low filtrate volumes. The solutions containing IgG
showed a nearly linear decrease in filtrate volume after 1 min with
increased concentration. This is most likely due to IgG being
14.5�8.5�4 nm3 in size [30] and therefore able to easily fit
through the majority of the pores. In addition to forming a cake
layer, fouling by IgG likely involves adsorption that shrinks the
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Fig. 3. : Parameters influencing filtrate volume. a) Total filtrate volumes for the
three model solutes after 1 min of forward centrifugation. For each individual so-
lute, increasing concentration results in decreased filtrate volume. b) Filtrate vo-
lume for identical solutions in either the forward or the reverse centrifuge direc-
tion. For all concentrations the reverse orientation provides higher filtrate volumes.
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SixNy membrane pores [25,31].
Inspired by commercial ultrafiltration systems that minimize

membrane fouling by drawing filtrate through the membranes in a
direction opposed to centrifugal forces (e.g. Millipore Centriprep),
we compared filtrate volume vs. time for 100 nm polystyrene NPs
in both ‘forward’ and ‘reverse’ orientations during centrifugation.
The reverse centrifugations were performed using custom en-
gineered centrifuge tubes that establish higher initial fluid levels
outside of the central membrane cup (see Methods). For all con-
centrations examined, the reverse orientation displayed a greater
total filtrate volume for the same spin time of 1 min (Fig. 3b).
These results are consistent with the idea that a cake layer is re-
sponsible for reduced flux, and that a force acting to pull ag-
gregated colloids away from the membrane enhances flux by re-
ducing the size of this cake layer.

Scanning electron microscopy (SEM) was used to examine the
nature of fouling on membrane surfaces in three different con-
figurations. All experiments were done at 3000 RPM (690g) for
5 min with 100 nm PS NPs. Because nanomembranes are fabri-
cated on the surface of a partially etched silicon substrate [25], it is
possible to orient them in two ways relative to the flow. With the
membrane side facing away from the flow, the particles will flow
through the etched silicon ‘trenches’ in the substrate to the
backside of the free-standing membrane. By contrast, with the
membrane side facing the flow the particles will first see a flat
surface with a permeable window before passing through the
trench in the silicon substrate. These configurations are shown
schematically on the left side of Fig. 4 along with the orientation of
the centrifugal force for each experiment. Adjacent to these
schematics are SEMs showing the side of the membrane facing the
flow and illustrations giving our interpretation of NP build up.
When flow enters the backside of the chip, we see a thick build-up
(Fig. 4a) as the trenches act to funnel colloids onto the membrane
surface. By contrast, with the chip configured in the same direction
but the flow reversed (Fig. 4b), the particle layer is much thinner.
Indeed, with individual particles visible in the film, the cake layer
in this case appears to be only slightly larger than a monolayer.
This result is consistent with the idea that the reverse orientation
promotes flux by minimizing interaction between rejected parti-
cles and the membrane. This layer is notably mostly confined to
the active membrane windows with a minimal ‘spill-over’ onto the
impermeable areas outside the active membrane windows. This
suggests that the SixNy surface is largely resistant to NP absorption
in the absence of external forces. A similar picture results when
flow in the forward direction passes through the membrane side
of the chip (Fig. 4c), except the layer appears thicker and a few
more NPs remain bound to the membrane outside of the free-
standing area.

Our data thus far indicate a primary role for cake formation in
the fouling of NPN membranes. While this result is not surprising
for a dead-end filtration process, we questioned if there was any
evidence of a role for pore constriction or blockage. To examine
this we incorporated classic mathematical models [32] of pore
constriction, pore blockage, and cake filtration fouling mechan-
isms (Fig. 5a) into a model of centrifuge based dead-end filtration
(see Supplement). We then conducted experiments over a range of
PS NP concentrations and compared the evolution of flow to the
predictions for these fouling mechanisms and for a case with no
fouling (constant membrane resistance). For 100 nm PS particles
(Fig. 5b), cake filtration gives a much better fit of the evolution of
flow at all concentrations than either a pore constriction or con-
stant membrane resistance model. A similar analysis of filtration
with 20 nm particles (Fig. 5c) shows that a pore constriction model
of fouling fits the data better at low concentrations (1011 and 1012),
while cake filtration better describes behavior at higher con-
centrations (1013 and 1014). Interestingly, the fit for the 1012 con-
centration was significantly better for early times than later times,
suggesting that the fouling mechanism changes during the time-
course of the filtration. We examined this possibility more closely
by fitting data to a hybrid model in which early times were de-
scribed by pore constriction and later times by cake filtration
(Fig. 5d) [19]. Assuming a sharp temporal transition between these
modes of fouling, we found a local minimum in the root mean
square error of the fit occurred at 60 s, and that the hybrid model
does the best job of describing the filtration data with this chosen
transition. A dramatic example of cake formation for 100 nm PS
NPs is shown in the electron micrograph of Fig. 5e. Note the re-
markable thinness of the membrane (�40 nm) compared to the
thickness of the cake layer (1 mm) and even the size of individual
NPs.

Since fouling can eventually render a membrane useless for
filtration, an important metric is the membrane ‘capacity’ – a
measure of the amount of sample that can be processed before the
flux declines to impractical levels [29]. We sought to design an
experiment that would reveal what advantage, if any, the thinness
of our materials might have for improving capacity. We reasoned
that a comparison to track etched membranes (TE) with a similar
number and size of pores and otherwise identical operating con-
ditions would isolate membrane thickness as a variable. Like na-
nomembranes, TE membranes contain discrete and well-defined
pores that extend through the membrane thickness. Given that
NPN membranes have only 5% of the chip area active, we sought



Fig. 4. : Buildup of 100 nm PS NP buildup on membranes under different chip and flow configurations. a) Forward centrifugation with NPs passing through silicon trenches
first. b) Reverse centrifugation with NPs passing through the membrane first. c) Forward centrifugation with NPs passing through the membrane first. Note how NPs build up
over the active area of the membrane in all cases while generally avoiding the impermeable silicon substrate areas.
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TE membranes with 40 nm average pore sizes and 20 fold less
porosity than our 15% porous NPN. We used commercially avail-
able TE membranes with either 30 nm or 50 nm pores with
6 pores/μm2 [33] and respective porosities of 0.4% and 1%. For the
purposes of this comparison we defined a capacity as the volume
passed after the apparent hydraulic permeability of a membrane
drops to 67% of its initial value in a centrifuge-based experiment
with 20 nm PS NP. Defining the capacity with respect to intrinsic
membrane permeability, rather than a flux, is necessary because
the flux will decline as head height is lost in a centrifuge
experiment.

The results shown in Fig. 6 show that NPN permeability starts
significantly higher than both track etched membranes but falls
dramatically over the first 50 μL passed. The permeability of both
track etched membranes declines, but at a slower rate. This dif-
ference in behavior between NPN and TE can be explained as the
higher initial permeability of NPN membranes resulting in a more
rapid concentration polarization and cake formation. By contrast
the low porosity and thick track etched membranes pass fluid so
slowly that back diffusion can work to keep the concentration at
the membrane surface down, enabling a more stable (but very
low) permeability value. This relationship between the speed of
filtration and membrane capacity is demonstrated for NPN mem-
branes in Fig. 6b. By lowering the centrifuge speed from 2000 to
500 rpm, we find the capacity increases by 8 fold, becoming
comparable to low flux TE membranes. Note that the permeability
of the NPN membranes is always orders of magnitude higher than
the TE membranes, even at capacity (Fig. 6b). These results
strongly indicate that there is a tradeoff with high membrane
permeability in dead-end filtration-under similar operating pres-
sures, high permeability membranes tend to clog relatively more
quickly and tend toward lower capacity. Thus, the intrinsic ad-
vantage of ultrathin membranes for separation and filtration pro-
cesses may be in their ability to process practical quantities of
fluids in short times at low pressures.
4. Discussion

Ultrathin silicon nanomembranes have been investigated as
potential filtration devices since Tong et al. first drilled holes in a
freestanding SiN membrane with a focused ion beam (FIB) [34].
FIB drilling is impractical for making more than a few dozen holes
in a substrate, so other techniques have been used to generate sub-
100 nm pores in sub-100 nm thick SiN films, including track
etching [35] and using block-copolymer films as etching templates
[36]. In 2007, Striemer et al. found that thin films of amorphous
silicon can be treated to generate self-assembling nanopores in
tuneable size distributions ranging from 5 to 80 nm, and with
porosities of up to 35% [25]. Pnc-Si has since been used as a
template to transfer pores into SiN films, which results in a more
mechanically robust nanoporous nitride (NPN) membrane. The
advent of atomically thin porous graphene represents the limiting
case of the nanomembrane concept, but as yet these membranes
have been limited to processing small volumes (o10 mL) and are
still produced with laboratory-based manufacturing processes
[37,38]. By contrast NPN is an ultrathin (o50 nm) membrane
capable of processing practical laboratory sample volumes (100–
500 μL) in the span of minutes with established pathways for in-
dustrially scaled and cost-effective manufacturing.

Ultrathin membranes represent an interesting departure from
traditional polymeric membrane technology. A typical tortous-
path polymeric membrane has �100 μm2 of internal surface area
for every μm2 of outer surface area, while for TE membranes this
ratio is �10 [33] and for SiN membranes it is �0.1 [28]. This
unique geometry means that transport across nanomembranes is
dominated by surface phenomena. Indeed, a large role for surface
phenomena has been seen in many of the application areas we
have explored thus far. For example, we have previously shown
that the rate of small molecule diffusion across an ultrathin
membrane is limited by the time required to ‘discover’ an open
pore rather than the time to diffuse through the pore [31,39].
Previous work by our lab has shown that a modified version of the
classic Hagen–Poiseuille equation that accounts for pore entrance



Fig. 5. : Mechanism of NPN fouling. a) The fouling mechanisms modeled. Pore blockage can occur when particles are larger than the pores, while pore constriction is
expected when particles are smaller than the pores. Cake filtration can happen with particles of any size. b) Plots showing retentate volume as a function of time with
centrifugation using 100 nm nanoparticles indicates that cake filtration dominates the flux characteristics for all concentrations studied. c) Fitting retentate volume vs. time
for separations for various concentrations of 20 nm nanoparticles. Data is fit using classic flux decline models describing pore constriction and cake filtration modes of
fouling. d) Picking four different transition points in the 1012 data and fitting the data prior to the transition using pore constriction and after the transition using cake
filtration reveals a local minimum in the root mean square error, suggesting the process switches fouling modes at around 60 s. e) A TEM image of cake formation. Solvent
was passed from the bottom of the membrane to the top, and the particles, which are larger than the pores, were held back, forming a dense cake layer.
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and exit resistances [40] is an excellent predictor of pressure-
driven hydraulic flux through the membrane [28]. Similarly, our
analysis of pnc-Si nanomembranes as electro-osmotic pumps in-
dicates that a transmembrane electric field is most accurately
modeled by accounting for entrance and exit resistances that re-
duce the transmembrane electric field for a given applied voltage
[41]. Given the dominant role for surface phenomena in transport
through ultrathin membranes, and the limited opportunity for
internal fouling, it is not surprising that cake filtration is the
dominant fouling mechanism for dead-end filtration with NPN.

Another unique aspect of chip-based membranes like NPN is a
structure in which membrane ‘windows’ span across trenches
etched in solid silicon substrates. While such membrane chips
have been used for a variety of nanofabricated membrane mate-
rials [38,42] our work is the first to examine the relationship be-
tween chip-based membrane orientation and and flow direction in
dead end filtration. We found that upstream-facing trenches act to
funnel colloids to the membrane surface and enhance cake for-
mation. We further found that cake formation was diminished,
and flux increased, when the flow was antiparallel to the direction
of the centrifugal force (‘reverse centrifugation’). Thus the ideal
configuration for dead end centrifugation appears to be one in



Fig. 6. : Capacity of NPN vs. TE membranes. a) Filtrate volume vs. apparent permeability for two different track etched membranes (6 μm thick) and an NPN membrane
(�50 nm thick). Note the log vertical axis is needed to place TE and NPN membranes on the same graph. Because of the thinness of the NPN membranes, separations using
them happen faster, meaning that more particles build up behind the membrane and cause cake layer formation to dominate the hydraulic permeability, whereas the
significantly lower flux of track etched membranes (due to lower porosities and thicker membranes) causes separations to happen slower, leading to higher capacities.
Dashed vertical lines represent the volume at which permeability of a membrane has fallen to 67% of its estimated initial flux (dash–dot–dash lines), a value we term the
capacity of the membrane. b) NPN membranes with 37 nm pore sizes and 15% porosity were spun at several different speeds. As expected, hydraulic permeability was
highest at the lowest spin speeds, due to the decreased concentration of particles at the membrane surface. Data collected before 10 μL had passed was ignored due to
variations in backside dead volume wetting. c) Relative capacities for the four membranes (and the four spin speeds for the o37 nm4membranes) as well as the per-
meability at the capacity point (red triangles) are illustrated. At 500 rpm, NPN membranes have permeabilities more than two orders of magnitude greater than 50 nm track
etched membranes, but the capacities of the membranes are comparable. Error bars are þ/� one standard deviation as calculated from the goodness of fits of the dotted
lines (dash–dot–dot) in Fig. 6a and b. All separations in this figure were performed with 20 nm PS NPs at a concentration of 1012 particles/mL. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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which the membrane faces upstream of a reversed flow field.
Because the assemblies for reverse configurations required awk-
ward modifications of devices designed for forward centrifugation,
the bulk of the experiments here were done in a ‘forward’ con-
figuration (Fig. 4a). We are in the process of designing special
housings to enable easier investigation of reverse centrifugation.

Finally, our work illustrates a tradeoff between hydraulic per-
meability and membrane capacity important for the application of
ultrathin membranes. Under otherwise identical conditions
(transmembrane pressure, pore size and number) TE membranes
that were 4100� thicker than NPN displayed a higher capacity.
This can be understood by the fact that a high membrane per-
meability results in a more rapid build up of rejected colloids
leading to concentration polarization and cake filtration. By con-
trast low permeability TE membranes operate slow enough that
particle diffusion away from the membrane can act to slow the
growth of a concentration polarization layer at the membrane.
Consistent with this explanation, the capacity of NPN membranes
became comparable to that of TE membranes as the transmem-
brane pressure was lowered. The results suggest that the benefits
of ultrathin membranes such as NPN may be in their ability to
process practical quantities of fluids at lower pressures. Lower
pressure requirements in turn should result in lower energy use
and lower costs. The current chip formats may benefit the design
of microfluidic systems because filtration components can be in-
corporated without significantly increasing the overall system
pressure requirements. With the advent of lift-off techniques that
create large sheets (�100 cm2) of active ultrathin membrane [27],
larger format applications such as bioprocessing may eventually
benefit from the ability to operate effectively at lower pressures.
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