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ABSTRACT (harge mosaic membranes, which possess distinct
cationic and anionic domains that traverse the membrane thickness,
are capable of selectively separating dissolved salts from similarly
sized neutral solutes. Here, the generation of charge mosaic
membranes using facile layer-by-layer assembly methodologies is
reported. Polymeric nanotubes with pore walls lined by positively
charged polyethylenimine moieties or negatively charged poly-
(styrenesulfonate) moieties were prepared via layer-by-layer assem-

bly using track-etched membranes as sacrificial templates.

Subsequently, both types of nanotubes were deposited on a porous support in order to produce mixed mosaic membranes. Scanning electron microscopy
demonstrates that the facile deposition techniques implemented result in nanotubes that are vertically aligned without overlap between adjacent
elements. Furthermore, the nanotubes span the thickness of the mixed mosaic membranes. The effects of this unique nanostructure are reflected in the
transport characteristics of the mixed mosaic membranes. The hydraulic permeability of the mixed mosaic membranes in piezodialysis operations was
8Lm 2h " bar~". Importantly, solute rejection experiments demonstrate that the mixed mosaic membranes are more permeable to ionic solutes than
similarly sized neutral molecules. In particular, negative rejection of sodium chloride is observed (i.e., the concentration of NaCl in the solution that

permeates through a mixed mosaic membrane is higher than in the initial feed solution). These properties illustrate the ability of mixed mosaic membranes

to permeate dissolved ions selectively without violating electroneutrality and suggest their utility in ionic separations.
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he separation of dissolved ions from

aqueous solutions is critical to many

technologies that are necessary to
meet the growing demand for water and
energy sustainably. For example, seawater
desalination,’ wastewater reclamation,’ re-
cycling metals from expired batteries, and
the processing of biofuels involve steps that
rely on separating ionic species from a
mixture selectively. The importance of this
class of separations is well-recognized, and
membranes capable of separating ions and
water based on the size difference between
the molecules have been developed.*” Re-
verse osmosis desalination, which is cur-
rently the most energy efficient large-scale
desalination process, is one example of a
process that relies on this type of mem-
brane that allows water to permeate, but
hinders the passage of ions." Given the

RAJESH ET AL.

importance of this application, researchers
are continually developing novel materials
such as lyotropic liquid crystals®’ self-
assembled block polymers,®® carbon nano-
tubes,'®"" graphene,’*'® and aquaporins'*
in attempts to provide greater control over
the size and distribution of free volume
elements in these size-selective mem-
branes. In systems where the dissolved ions
are the valued product to be recovered or
the ions are present at dilute concentra-
tions, there are significant operational ad-
vantages to implementing a membrane
that permeates ions more rapidly than
water and/or neutral solutes.’® '8 In these
cases, however, the development of ad-
vanced materials focused on improving
size-selectivity will not lead to membranes
with the desired properties. Instead, it is
necessary to control the nanostructure and

VOL.8 = NO.12 =

12338-12345 =

* Address correspondence to
wphillip@nd.edu.

Received for review August 22, 2014
and accepted December 3, 2014.

Published online December 03, 2014
10.1021/nn504736w

©2014 American Chemical Society

2014 A@LQL/NJK)\ 12338

WWwWW.acsnano.org



the chemical functionality to produce membranes that
permeate ions preferentially.

Charge mosaic membranes are an alternative class
of membranes that are more permeable to electro-
lytes than neutral molecules of comparable molecular
weight.'®~%2 These membranes consist of bicontinu-
ous positively charged and negatively charged do-
mains. According to the phenomenological theory
proposed by Sollner,?® this unique microstructure al-
lows anions and cations to permeate through their
counter-charged regions without violating the macro-
scopic constraint of electroneutrality, and as a result, a
circulation current develops between the individual
ionic elements that speeds the permeation of electro-
lytes. In the last four decades, attempts have been
made to develop charge mosaics from a variety of
materials including self-assembled graft and block
polymers,’>22?2 jon exchange resins embedded in
permeable matrices,'”'® and electrospun polymers.'”
However, the fabrication of highly effective charge
mosaics from these systems has proven difficult due
to the need to orient the ionic domains perpendicular
to the surface and the morphological changes induced
during the harsh chemical treatments required to
introduce charged moieties into some of the mem-
branes. Therefore, it is necessary to develop a method
to prepare charge mosaics with well-defined nano-
structures and chemical functionality to advance this
novel class of membranes relative to the current state
of the art.

Layer-by-layer (LbL) assembly is a simple technique
that uses the repeated, sequential deposition of unlike
materials to build up multilayer constructs.>* This
technique, which often exploits the electrostatic inter-
action between oppositely charged species, is a power-
ful and versatile method for the formation of nano-
structured materials (e.g.,, nanorods and nanotubes)
and polymeric thin films with tailored functionality and
controlled dimensions.?® %’ These materials have
been implemented in a wide range of applications in-
cluding antibacterial coatings,®*~3° drug delivery,”’
protective barriers,**** and gas separation* and nano-
filtration membranes.>*~3’ Several prior studies re-
garding LbL-derived membranes have demonstrated
that it is possible to tune the permselectivity of the
membranes by the judicious selection of the deposited
materials and conditions implemented during LbL
assembly 3473638740 However, the technique has not
been exploited to control both the nanostructure and
chemical functionality of next-generation membranes
simultaneously. In particular, mosaic membranes, which
contain multiple domains of unique chemical design
that span the membrane thickness, have not been
demonstrated using the LbL methodology, despite
the promise of this class of membranes.

In this study, LbL assembly is used to prepare charge
mosaic membranes. The LbL methodology is used to
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Figure 1. Schematic of the mixed mosaic membranes
(MMMs) prepared using LbL assembly. Cationic (blue) and
anionic (red) nanotubes are aligned vertically on a support
membrane, and a sealing layer is applied to prevent con-
vective flow through the interstitial regions between the
nanotubes. Dissolved ions (blue and red spheres) can
permeate through nanotubes lined by moieties with the
opposite charge, which results in higher ionic permeabil-
ities compared to the permeability of neutral molecules
(green spheres). Anionic and cationic polymeric nanotubes
were prepared by terminating the multilayer assembly with
negatively charged poly(styrenesulfonate) and positively
charged polyethylenimine, respectively.

construct charged nanotubes. Subsequently, these
nanotubes are oriented and attached to a porous
support membrane to produce mixed mosaic mem-
branes (MMMs). The ultimate nanostructure of the
MMMs is shown schematically in Figure 1. Because
the MMMs have both positively charged and nega-
tively charged domains that span the membrane
thickness, ionic species permeate more rapidly than
similarly sized neutral molecules, which make the
MMMs an excellent candidate for the separation of
ionic solutes from aqueous solutions.

RESULTS AND DISCUSSION

The fabrication of MMMs began by using polycarbo-
nate track etched (PCTE) membranes as a template for
the preparation of “cationic” and “anionic” nanotubes.
The PCTE membranes were coated with an initial layer
of polyethylenimine (PEl). Then, 12 bilayers of poly-
(acrylic acid) (PAA) and poly(allylamine hydrochloride)
(PAH) were deposited within the pores of the PCTE
membrane by dip coating.*’*? Lastly, the membrane
was placed in a solution of PEI or poly(styrenesulfonate)
(PSS) to terminate the multilayer buildup and form
nanotubes with cores lined by positively charged or
negatively charged functional groups, respectively
(Figure S1). The PEl-terminated nanotubes, which have
a final composition of [PEI (PAA/PAH),,s PEI], are
referred to as “cationic”, and the PSS-terminated nano-
tubes, which have a final composition of [PEI (PAA/
PAH),5, PSS], as “anionic”. Prior to the dissolution of
the PCTE template, the nanotubes were cross-linked
by heat treatment.*’** As shown in Figure 2, the outer
diameter and length of the resulting nanotubes are
around 400 nm and 10 um, respectively, which is in
good agreement with the pore diameter and thickness
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Figure 2. Scanning electron micrographs of the polymeric
nanotubes obtained using the LbL process. PAA and PAH,
which can be cross-linked upon heating, were used to
generate the robust wall of the polymeric nanotubes. A
track-etched membrane with a thickness of 10 um and a
pore diameter of 400 nm was used as a template for the
preparation of the nanotubes.

of the PCTE template. The thickness of the walls of the
nanotubes depends strongly on the deposition condi-
tions (e.g., assembly pH and ionic strength, number of
bilayers, and the presence of divalentions), as shown in
Figures S2 and S3 of the Supporting Information. The
nanotubes used to prepare MMMs were deposited
from solutions containing 40 mM polyelectrolyte,
35 mM CaCl,, and 0.5 M NaCl. The pH of the solution
was adjusted to 5.5 using NaOH and HCl as needed.
Because the surface charge on the inside of the
nanotubes is critical to the function of charge mosaic
membranes, its sign was determined using streaming
current measurements. A detailed description of the
experimental setup used for the measurements is
available in the prior literature.** Briefly, a PCTE tem-
plate was placed between two compartments filled
with a T mM KCl solution. Pressure was applied on the
compartment connected to the positive terminal of the
current meter, and the resulting current was measured.
Figure 3 displays the results of these measurements
made as a function of solution pH for templates
containing PSS-terminated and PEl-terminated nano-
tubes. Streaming current measures the difference be-
tween the flux of cations and the flux of anions through
a charged pore under hydrodynamic flow. When pres-
sure is applied on the side of the experimental setup
that is connected to the positive terminal of the current
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Figure 3. Streaming current measured as a function of pH
for the PSS-terminated and PEI-terminated nanotubes. The
streaming current was measured using a 1 mM KCl solution.
A pressure of 0.28 bar was applied on the side of the
experimental system connected to the positive terminal of
the current meter. The pH of the KCl solution was adjusted
by adding HCl or KOH. Error bars represent the standard
deviation between multiple measurements.

meter, a positive current indicates that a membrane
is negatively charged (i.e., it is preferentially permeable
to cations). From Figure 3, flow through the PSS-
terminated nanotubes resulted in a nearly constant
positive current over the pH range studied, which is
consistent with pores lined by sulfonic acid moieties.*®

The streaming current for the PEl-terminated nano-
tubes is negative for solutions from pH 3 to pH 9, and
at pH 11, it becomes positive. The negative streaming
current at lower pH values can be attributed to the
protonation of the amine groups of PEl, which is
consistent with a number of studies in the literature
that report a positive charge for PEIl at low pH.**
These studied also observe that above pH 10.5 most of
the amine groups are deprotonated, resulting in PEI
macromolecules that possess negligible charge. Thus,
itis reasonable to speculate that anion adsorption onto
neutral PEl results in the positive streaming current
at pH 11. Subsequent transport measurements were
made using DI water, which has a pH of ~5.5. At this
pH, the cationic and anionic nanotubes possess a
positive and negative surface charge, respectively.

A highly porous polyacrylonitrile (PAN) ultrafiltration
membrane was used as a support for the MMM:s. Prior
to fabrication the PAN support was soaked ina 1 M
NaOH solution for 1 h. After rinsing the support with
water, a PCTE membrane containing cationic nano-
tubes was placed on top of the PAN support. The
layered system was then heated to 80 °C under air
for 1 h to facilitate the attachment of the cationic
nanotubes to the surface of the PAN support. After
cooling to room temperature, the PCTE membrane that
was used as a structural template for the cationic
nanotubes was removed selectively by immersing
the system in dichloromethane. This process produced
a PAN support with cationic nanotubes fixed to the
surface. Subsequently, anionic nanotubes were at-
tached to the PAN support using the same process
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Figure 4. Scanning electron micrographs of MMM:s. (a) PEI-terminated nanotubes deposited on the PAN support; (b) PEI-
terminated and PSS-terminated nanotubes deposited on the PAN support; (c, d) the MMM after the formation of the sealing
layer on top of the PEI-terminated and PSS-terminated nanotubes. MMMs were produced by functionalizing the PAN support
with PEl-terminated and PSS-terminated nanotubes sequentially before applying the sealing layer. The sealing layer
comprised 3.5 bilayers of PAH/PAA deposited via LbL self-assembly. The insets of (a) and (b) show the deposited nanotubes

at higher magpnification.

with a PCTE membrane containing anionic nanotubes.
A detailed description of the method is included in the
Supporting Information (Figures S4 and S5). Finally, in
order to block the convective flow through the inter-
stitial space between the nanotubes, a sealing layer
comprising 3.5 bilayers of PAH/PAA deposited on top
of the nanotubes was formed.*®

SEM micrographs of the membrane after each step
are displayed in Figure 4. Figure 4a shows a micrograph
of the cationic tubes attached to the PAN support. The
inner diameter of the nanotubes was in the range
15—20 nm, and all the nanotubes were aligned with
their long axes normal to the support membrane sur-
face. Figure 4b shows a micrograph of the MMM after
the sequential deposition of cationic and anionic
nanotubes. As can be seen in Figure 4b, using the
simple methodology described here, it is possible to
arrange these elements of unique chemical design
without overlap. Figure 4c and d are micrographs of
the MMM after the formation of the sealing layer. These
micrographs demonstrate that the LbL method used to
produce the MMMs was extremely effective in the
vertical alignment of polymeric nanotubes with dis-
tinct chemical functionality over the entire surface of
the MMM:s.

The transport properties (i.e., hydraulic permeability
and solute rejection) of the MMMs were measured
using an Amicon stirred cell, which has an exposed
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membrane area of 4.9 cm?. In addition to the MMM:s,
cationic composite, anionic composite, and control
membranes were prepared and tested. The cationic
membranes comprise a sealing layer applied on top of
PEl-terminated nanotubes, the anionic membranes
comprise a sealing layer applied on top of PSS-termi-
nated nanotubes, and the control membranes were
prepared by depositing a sealing layer directly onto the
PAN support.

Hydraulic permeability was determined from the
slope of pure water flux versus applied pressure. Pure
water flux was calculated using eq 1:

Vv,
Jo = permeate 1
WS A (M

where J,, is the pure water flux, Vpermeate is the volume
of permeate solution collected, A,, is the membrane
area, and t is the time. All the membranes tested
possess hydraulic permeabilities around 5L m 2 h™"
bar~" (Figure S6). The permeabilities of the compo-
site membranes (8 L m™ h™' bar™") were slightly
higher than the permeability of the control membrane
(4 L m2h " bar "), which may be a result of the
nanotubes acting as a “gutter layer” between the
sealing and support layers.*®

The influence of steric and electrostatic interactions
on the solute rejection characteristics of the mem-
branes was probed by challenging the MMMs with
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Figure 5. Comparison of solute rejection for charged and
neutral solutes between four different membranes. The
control membrane was made by depositing the sealing
layer (i.e., 3.5 bilayers of PAH and PAA) directly onto the
support membrane, anionic membranes were produced by
functionalizing the support with PSS-terminated nanotubes
then applying the sealing layer, cationic membranes were
produced by functionalizing the support with PEI-termi-
nated nanotubes then depositing the sealing layer, and the
MMMs were produced by functionalizing the PAN support
with both PEl-terminated and PSS-terminated nanotubes
before applying the sealing layer. Poly(ethylene oxide)
(PEO) with a molar mass of 2.0 kg mol~' was used as the
neutral solute. Three different charged solutes were used:
MgCl,, Na,SO,, and NaCl. The salt was dissolved in the feed
solution at a concentration of 10 mM. All experiments were
carried out at an applied pressure of 4 bar. Error bar
represents the standard deviation (n = 2).

solutions containing a dissolved salt [i.e., sodium
chloride (NaCl), magnesium chloride (MgCl,), or so-
dium sulfate (Na,SO,4)] and/or neutral poly(ethylene
oxide) (PEO). Salt concentrations of 0.1 and 10 mM
and a PEO concentration of 1 g L~' were used. During
each experiment, samples of the feed and permeate
solutions were collected; ion concentrations were
measured using a conductivity probe and ion chro-
matography; and the concentration of PEO was mea-
sured using a total organic carbon analyzer. The
percent rejection, R, for each solute was calculated
using eq 2:

RO%) = (1 —CF’L> % 100 )

Cteed

where Creeq is the concentration of solute in the feed
and Cpermeate i the concentration of solute in the
permeate.

The results of solute rejection tests conducted with
10 mM salt solutions and a 1 g L™' PEO solution are
presented in Figure 5. All of the membranes rejected
~50% of the dissolved PEO, which was selected be-
cause it is a neutral molecule that interacts minimally
with its environment. Therefore, it is rejected primarily
due to size exclusion. The comparable rejection of PEO
across all of the membranes suggests that they have
similarly sized free volume elements that reject solutes
by steric exclusion. Noticeably, the rejection of charged
solutes was significantly different across all of the
membranes.

RAJESH ET AL.

The control, cationic composite, and anionic com-
posite membranes all functioned as nanofiltration
membranes rejecting monovalent and divalent salts
partially. The control membrane performed compa-
rably to other NF membranes in the literature that were
made using LbL assembly.>*3%4° Interestingly, the
presence of charged nanotubes under the PAH/PAA
sealing layer affected the solute rejection greatly.
For example, the anionic composite membrane and
cationic composite membrane rejected dissolved salts
more effectively than the control membrane alone,
which is likely a result of the electrostatic interactions
between the nanotubes and solutes (i.e, Donnan
exclusion). The fact that the anionic and cationic mem-
branes demonstrate maximum rejections of 79.4% for
Na,SO, and 75.8% for MgCl,, respectively, supports
this hypothesis.

In contrast to the other membranes, the MMM:s did
not reject dissolved ions effectively. The divalent salts
were rejected to a lower extent than the PEO molecule
(R(Na,SO,) = 6.4%, R(MgCl,) = 14.2%, and R(PEO) =
47.6%) even though their hydrodynamic radii are
comparable’*® (~0.9 nm). This difference in perme-
ability between the neutral and charged solutes illus-
trates the role that electrostatic interactions have in
determining the separation efficiency of the MMM:s.
The negative rejection of NaCl (R(NaCl) = —5.3%),
which indicates that the NaCl ions permeated through
the membrane more rapidly than water, reinforces the
importance of the electrostatic interactions. It also
indicates that the MMM is capable of enriching the
ion concentration in the permeating solution.

The solute rejection results described above were
observed for experiments conducted with single so-
lute solutions as well as mixed solute (i.e., containing
both a dissolved salt and PEO) solutions (Figure S7).
Additionally, the difference in percent rejection be-
tween feed solutions at 0.1 and 10 mM was insignif-
icant (Figure S8). We hypothesize that this is due to the
ion-selective nature of the nanotubes. In order to
balance the surface charge on the walls of the nano-
tubes, a sufficient concentration of ions must be pre-
sent within the core volume of the nanotubes. It has
been demonstrated previously that this constraint
results in a constant conductivity across a nanopore
for solutions below a critical concentration. For a
200 nm nanochannel, this concentration is around
10 mM, and the critical concentration increases with
decreases in pore size.>' Therefore, it is likely that the
critical concentration for the ~20 nm nanotubes de-
scribed here is greater than 10 mM. Future studies will
consider the effects of this phenomenon in greater
detail.

The discussion above implies that the charge on the
interior surface of the nanotubes determines the per-
formance of the composite and mosaic membranes.
However, the fabrication of all the nanotubes began
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with the deposition of a PEl layer. Therefore, it is
reasonable to hypothesize that the positive charge
on the exterior of the nanotubes will affect membrane
performance. If this charge played a significant role in
the performance of the mosaic membranes, we antici-
pate that the anionic composite membranes would
behave like a charge mosaic because of the positively
charged exterior surface and negatively charged inter-
ior surface. However, the anionic composite mem-
brane performs in a manner similar to a negatively
charged nanofiltration membrane. This is not conclu-
sive evidence that the charge on the exterior of the
nanotubes plays no role in the performance of the
mosaic membranes, but it does suggest that the
charge on the interior of the nanotubes is the domi-
nant factor determining the performance of composite
and mosaic membranes. Further experiments should
elucidate clearly the effects of the charge on the
exterior of the nanotubes on membrane performance.

METHODS

Materials. Polycarbonate track-etched membranes with a
pore diameter of 400 nm were purchased from Millipore. Poly-
(sodium 4-styrenesulfonate) (MW =70 kg mol~") and poly(acrylic
acid) (MW = 1.8 kg mol™) (Sigma-Aldrich), poly(allylamine
hydrochloride) (MW = 120 kg mol™") (Alfa-Aesar), and polyethy-
lenimine (MW = 25 kg mol~"; 25% aqueous solution) (Acros
Organics) were all used as received. Polyacrylonitrile ultrafiltra-
tion (PAN UF) membranes (PAN 400) were purchased from
ULTURA. Poly(ethylene oxide) (MW = 2.1 kg mol™") was pur-
chased from Polymer Source, Inc. (Montreal, Canada). Sodium
chloride (NaCl), potassium chloride (KCl), copper chloride (CuCl,),
calcium chloride (CaCly), magnesium chloride (MgCl,), and
sodium sulfate (Na,SO,4) were purchased from Sigma-Aldrich.
Deionized water (DI water, 18.2 MQ) (Milli-Q Advantage A10,
Millipore Corporation) was used to prepare all aqueous solutions.
Dichloromethane was purchased from Sigma-Aldrich.

Nanotube Preparation. Solutions containing 40 mM polyelec-
trolyte (based on the repeat unit molecular weight), 35 mM
CaCl, (or CuCly), and 0.5 M NaCl in DI water were used to
fabricate nanotubes. 3414352 After dissolving the polyelectro-
lyte, the pH of the solution was adjusted to 5.5 using NaOH or
HCI. Nanotube fabrication began by immersing the PCTE sub-
strate in a solution of PEI for 60 min followed by washing with DI
water for 2 min. The substrate was then dipped into a solution of
PAA for 60 min followed by rinsing with DI water for 2 min.
Subsequently, the PCTE was immersed in a solution of PAH for
60 min and then washed with DI water for 2 min. Sonication was
applied at the start of each polyelectrolyte adsorption step. One
PAA/PAH deposition cycle was defined as a bilayer, and the
process was repeated until the desired number of bilayers was
formed. The bilayer assembly was terminated with PSS and PEI
to fabricate anionic and cationic tubes, respectively. After
drying the PCTE substrate, the polyelectrolyte deposited on
the top and bottom surface was removed by plasma etching.
The bilayers that made up the nanotube walls were then cross-
linked at 160 °C under air for 24 h. Polymer nanotubes were
released by the dissolution of template PCTE membranes in
dichloromethane.

Mosaic Membrane Preparation. Charge mosaic membranes were
fabricated using PAN UF membranes as a support. The PAN
substrate was soaked in 1 M NaOH at 55 °C for 1 h and rinsed with
DI water. A PCTE membrane containing PEIl-terminated nano-
tubes was then placed on the NaOH-treated PAN support. It is
important to ensure that the PCTE membrane lies smoothly on
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CONCLUSIONS

The present investigation reports the successful
fabrication of charge mosaic membranes using simple
LbL assembly techniques. These techniques are used
to produce mosaic membranes that contain uniformly
oriented nanotubes, which are lined by moieties of
unique chemical design. In this study, this ability is
used to fabricate a membrane that contains both
nanometer-sized cationic and anion domains. This
novel nanostructure results in mosaic membranes
that (1) demonstrate higher ionic fluxes compared to
similarly sized neutral molecules and (2) are capable
of enriching the ion concentration in the solution
that permeates through the membrane. As such, this
membrane platform and the unique transport charac-
teristics it exhibits, provide an opportunity to study a
novel ion permeation paradigm, which we anticipate
provides significant opportunities for a broad range of
separations and sensing applications.

top of the PAN support (i.e., it should be wrinkle-free). The PAN—
PCTE composite was put into an oven at 80 °C for 60 min before
being immersed in dichloromethane to dissolve the PCTE mem-
brane away selectively. Subsequently, PSS-terminated tubes
were deposited onto the PAN support using the same process.
The sealing layer of the membrane was formed using layer-by-
layer assembly to deposit 3.5 bilayers of PAH and PAA on top of
the vertically aligned nanotubes. Cationic composite mem-
branes, anionic composite membranes, and control membranes
were also prepared using these techniques.

Characterization. Micrographs were obtained using a high-
resolution Magellan 400 field emission scanning electron mi-
croscope. Prior to imaging, samples were dried and then sputter
coated with a thin (~1.5 nm) layer of iridium. The streaming
current of the nanotubes (Is,) was measured using an experi-
mental setup that is detailed in the prior literature.** A PCTE
template containing nanotubes was clamped between two
compartments that were filled with a 1 mM KCl solution. One
of the compartments was airtight, and a pressure of 0.28 bar was
applied to drive the flow of solution through the nanotubes. Ag/
AgCl electrodes were used to connect the two cells, and /g, was
recorded directly by a Keithley model 2636 dual-channel sys-
tem. The pH of the KCl solution was modified from pH 3 to pH 11
using HCl or KOH.

Transport Studies. Water flux and solute rejection tests were
performed using an Amicon stirred cell (model 8010) with an
exposed membrane area of 4.9 cm?. An applied pressure from 1
to 4 bar was generated using nitrogen gas. The flux of pure
water was calculated by measuring the mass of permeating DI
water at regular time intervals. Solute rejection was evaluated
by challenging the membranes with solutions containing dis-
solved salts (MgCl,, Na,SO,, or NaCl) and/or neutral PEO. Salt
concentrations of 0.1 and 10 mM and a PEO concentration of 1g
L™ were used. The first 1.5 mL of permeate was discarded to
avoid contamination between experimental runs. Samples of
the feed and permeate solutions were collected, and the ion
concentrations were measured using a conductivity probe and
ion chromatography (IA64 Thermo Dionex ICS-5000); the con-
centration of PEO was measured using a total organic carbon
analyzer (Shimadzu TOC-Vcsy).
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the fabrication methodology used to produce composite and
mixed mosaic membranes. A plot of water flux vs applied
pressure for all of the membranes tested. Solute rejection data
for membranes challenged with mixed solute solutions and
membranes challenged with 0.1 mM salt solutions. This material
is available free of charge via the Internet at http://pubs.acs.org.
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