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ABSTRACT: Membranes composed of multilayer poly(4-styrenesul-
fonate) (PSS)/protonated poly(allylamine) (PAH) films on porous
alumina supports exhibit high monovalent/divalent cation selectivities.
Remarkably, the diffusion dialysis K'/Mg** selectivity is >350.
However, in nanofiltration this selectivity is only 16, suggesting
some convective ion transport through film imperfections. Under
MgCl, concentration gradients across either (PSS/PAH),- or (PSS/
PAH),PSS-coated alumina, transmembrane potentials indicate Mg>*
transference numbers approaching 0. The low Mg** transference
numbers with both polycation- and polyanion-terminated films likely
stem from exclusion of Mg** due to its large size or hydration energy.
However, these high anion/cation selectivities decrease as the solution

Membrane

- Membrane
Source Receiving Feed Permeate
Phase, @[] Phase O]
o e° ® ° e° ® .o

c
5 % ® 0°@®|je o, °
o e o°°% o E£
s ° ° o0 Y KK 5
7] ° [ J c
3
A= LK ° .. e 2
a
K*/Mg?2* Selectivity >350 K* Negative Rejection -200%
® Mg e K Cl-

ionic strength increases. In nanofiltration, the high asymmetry of

membrane permeabilities to Mg®" and CI~ creates transmembrane diffusion potentials that lead to negative rejections (the ion
concentration in the permeate is larger than in the feed) as low as —200% for trace monovalent cations such as K* and Cs™.
Moreover, rejection becomes more negative as the mobility of the trace cation increases. Knowledge of single-ion permeabilities
is vital for predicting the performance of polyelectrolyte films in the separation and purification of mixed salts.

B INTRODUCTION

Layer-by-layer adsorption of polycations and polyanions on
porous supports is a convenient method for controlled
formation of ultrathin membrane skins."> Although this
multistep procedure may be cumbersome for large-scale
membrane applications, polyelectrolyte multilayers (PEMs)
on porous supports provide a unique platform for examining
mechanisms of ion transport.”* Commercial membranes, such
as those formed by interfacial polymerization, are very effective
in water treatment, but determining the properties of the
membrane skin is challenging.>~” Deposition of PEMs on well-
defined supports such as nanoporous alumina gives membrane
skins whose thickness and surface charge controllably vary with
the number of adsorbed layers. Transport properties also
depend on the specific polyelectrolytes and the deposition
conditions, i.e, pH and ionic strength.'*~** Under optimized
conditions, ultrathin PEMs can serve as the selective skins in
pervaporation,ls_ls gas separation,lg’20 nanofiltration
(NF),** and forward osmosis membranes.>™*®

Similar to reverse osmosis (RO), NF involves pressure-
driven passage of water or another solvent through a
membrane. However, RO membranes are denser than NF
membranes, so NF requires lower pressures for a given flux,
and monovalent ion rejections are typically lower in NF than
RO. The solution-diffusion model,”® which assumes that
transport through the membrane occurs solely by diffusion,
adequately describes RO, but NF membranes may contain
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pores large enough to allow for some convective salt
trans.port.a'o’31 Supported PEMs behave as NF membranes,
selectively rejecting divalent ions.*"** Moreover, the well-
defined structure of PEMs gives a convenient system to
examine the applicability of the solution-diffusion model
through a combination of NF experiments and diffusion
dialysis.

Tieke and co-workers first reported Na*/Mg** diffusion
dialysis selectivities as high as 113 with 60-bilayer protonated
poly(allylamine) (PAH)/poly(4-styrenesulfonate) (PSS) films
on a porous polymer support. Films with S and 10 bilayers
showed selectivities between 30 and 40.'* In later dead-end,
single-salt NF experiments, the Na*/Mg** selectivity was only
10 for 0.01 M chloride salt solutions, even with a 60-bilayer
polyvinylamine/poly(vinyl sulfate) film. Nevertheless, selectiv-
ities appeared to be higher at lower salt concentrations (0.001
M) where Mg>" rejections approached 100%.>* Ouyang and co-
workers achieved 95% Mg** rejection along with a Na*/Mg**
selectivity of 22 using feed solutions containing both NaCl and
MgCl, and porous alumina membranes coated with (PSS/
PAH); films.”' However, they presented no diffusion dialysis
studies, so testing of the solution-diffusion model was not
possible.
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In addition to simple diffusion, electric fields that arise
spontaneously due to different membrane permeabilities to
cations and anions also influence ion transport across NF and
RO membranes. This is especially evident in NF of mixed salt
solutions, where the concentration of a given ion may be higher
in the permeate than in the feed (negative rejection).”"**>** In
particular with solutions containing both NaCl and MgCl,, NF
through (PSS/PAH), membranes results in small negative Na*
rejections (about —30%)>' because the PEMs are more
permeable to CI™ and Na' than Mg®".'* Initial passage of
excess CI” creates a negative potential that pulls extra Na®
through the membrane (see Figure 1).

AN o .
PY ’:.. . °
i [ ] °
P LA o
e @ .° ° O °
° ) 0.9
) L] L]
® -o.® A ° 5 .
o ® oo o
[ . Y ° . °
® °e'g ® ; o
Feed Membrane Permeate
Mg* @ _—>
9
Clk
Cdd
Ngt ¢ ——m——>

R —

——> Diffusion Flux
———> Electromigration Flux

Figure 1. Schematic, qualitative drawing of ion distributions and
transport during NF of a solution containing MgCl, and trace amounts
of NaCl. The high permeability of Cl™ relative to Mg>* leads to a
negative electric potential drop across the membrane. This potential
enhances the transport of trace Na jons and can lead to higher
concentrations of Na* in the permeate than in the feed. The arrows
qualitatively show the relative fluxes due to diffusion (blue) and
electromigration (red) for each ion. In the absence of convection, the
total flux is the sum of the arrows.

This study examines the mechanisms of cation transport
through PEMs deposited on nanoporous alumina. Specifically,
we first combine diffusion dialysis and NF experiments to
determine whether the solution-diffusion model applies to NF
through PEMs. Second, we measure transmembrane potentials
to investigate the selectivity of the PEMs for anions over
cations at various salt concentrations. These studies also include
an examination of diffusion dialysis and NF as a function of salt
concentrations. Finally, we study negative rejections of trace
ions, which depend on both the electric potential developed
across the membrane (due to anion/cation selectivity) and the
membrane permeability to the trace ions.

B EXPERIMENTAL SECTION

Materials. Poly(sodium 4-styrenesulfonate) (M,, = 70 000 Da) and
poly(allylamine hydrochloride) (M,, = 15 000 Da) were obtained from
Aldrich. Salts were purchased from Columbus Chemical with the
exception of CsCl (Aldrich) and LiCl (Jade Scientific). LiCl and CsCl
are hygroscopic, so we prepared stock solutions from freshly opened
bottles. All chemicals were used as received without further
purification. Deionized water (Milli-Q system, 18.2 MQ-cm) was
employed in all experiments. The pH of the polyelectrolyte solutions
was adjusted with dilute aqueous HCI or NaOH.

Film Deposition. Porous alumina membranes (0.02 gm Whatman
Anodisk filters, all membranes were used from the same box unless
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specified otherwise) were treated with UV/O; (Boekel UV-Clean
Model 135500) for 1S min and placed in a home-built O-ring holder
that exposes only the feed side of the membrane to polyelectrolyte
solutions. The deposition solutions (pH 2.3) contained 0.02 M (with
respect to the repeating unit) polyelectrolytes along with 1 M NaCl for
PAH and 0.5 M NaCl for PSS. The low deposition pH is common for
PSS/PAH ﬁlms,35 and addition of 1 M NaCl to PAH adsorption
solutions leads to a high surface charge for monovalent/multivalent
ion separations.”’ Polyelectrolyte multilayers were adsorbed by
alternatively exposing the top surface of the membrane to polyanion
and polycation solutions for S min with 1 min rinsing with deionized
water between each deposition step. PEMs usually contained four
PSS/PAH bilayers to allow high water flux while still providing full
coverage of the support.""*!

Nanofiltration. NF experiments were performed with a home-built
system described previously.”” Briefly, the crossflow apparatus was
pressurized with N,, and a centrifugal pump circulated the feed
solution across the membranes at 26 mL/min to minimize
concentration polarization. A stainless steel prefilter (Mott Corp.)
removes rust or insoluble particles prior to passing solution over the
membrane. The exposed membrane external area was 1.7 cm? After
18 h of filtration to reach steady state, permeate aliquots (<10 mL)
were collected for periods ranging from 30 min to 2 h, and the feed
solution was sampled at the end of the experiment. The feed volume
was initially 2 L. The concentrations of most cations were determined
using inductively couple plasma-optical emission spectroscopy (Varian
710-ES). Cs* was analyzed by atomic emission spectroscopy (Varian
AA240), and nitrobenzene was analyzed by UV—vis absorbance
measurements (PerkinElmer Lambda 40). The rejection, Re, was
calculated with eq 1, where C; and C, are the feed and permeate
concentrations, respectively. Selectivity, for ion 1 over ion 2, @ ,, was
calculated using eq 2.

(1)

C1,p/c1,f _ 1 —Re
Cp/Cos 1 —Re

A =

’ @
Multiple permeate samples from each of at least two membranes were
collected for determination of ion rejections and solution fluxes. The +
values represent standard deviations of at least four values.

Diffusion Dialysis. Diffusion dialysis was performed as described
previously.*® A membrane was sandwiched between the source and
receiving cells, and the solutions in each cell (initially 90 mL each)
were stirred vigorously. The cells exposed a membrane area of 2.1 cm?.
1 mL aliquots were withdrawn periodically from the receiving cell to
monitor the analyte concentration as a function of time, and similar
aliquots were taken from the source phase to maintain equal volumes.
Because the diffusion flux is relatively small, the concentration gradient
across the membrane is essentially constant. Moreover, the trans-
porting salt concentration in the source phase was limited to 0.01 M to
minimize osmosis. In most experiments, the receiving phase was
initially deionized water. For diffusion dialysis experiments as a
function of solution composition, we added a background salt in equal
concentrations to both the source and receiving reservoirs to keep
osmosis and diffusion of the added salt negligible. At least three
membranes were used to obtain the diffusion fluxes, and + values
represent standard deviations where # is typically 3.

Membrane Potential. Membrane potential measurements were
carried out using the diffusion dialysis apparatus (no convective flow)
with solutions containing different salt concentrations on each side of
the membrane. Before measuring the transmembrane potential, the
two Ag/AgCl reference electrodes (saturated KCl, CH Instruments)
were placed in the receiving phase solution to determine the electric
potential difference between these electrodes. This potential drop was
subtracted from the membrane potential reading, which was obtained
when the reference electrodes were placed on the different sides of the
membrane. The difference between the junction potentials of the
electrodes in the source and receiving solutions was also subtracted
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(see the Supporting Information). To minimize the diffusion boundary
layers at the membrane surface, both solutions were stirred vigorously.
Solution activity coeficients for KC1,>738 MgSO4,39 and MgC1240 were
usually obtained by interpolation of literature data. For MgCl, at
concentrations <0.004 64 M, activity coeflicients were estimated from
the Debye—Hiickel equation. Three membranes were used to obtain
values of the membrane potential, and + values represent standard
deviations.

B RESULTS AND DISCUSSION

Ion transport through PEMs may include diffusion, convection,
and electromigration components, and the film permeability
often varies with the solution composition.*' Thus, ion flux is a
complicated function of salt concentrations and transmembrane
volume flow. To evaluate the effects of different variables on
transport, this section first examines salt permeabilities in
diffusion dialysis where transmembrane volume flow is
negligible. Subsequent NF studies show that transmembrane
volume flow significantly enhances ion transport, and measure-
ments of membrane potentials assess relative permeabilities of
cations and anions. Finally, NF measurements with mixed salts
at varying concentrations show remarkable negative rejections
due to spontaneously arising transmembrane electric potentials
that result from higher membrane permeabilities to anions than
cations.

Diffusion Dialysis. In dialysis experiments, ions diffuse
across a membrane from a concentrated source phase to a
dilute receiving phase. Figure 2 shows the evolution of the

45
. *
o 40 K .
T 2351 mmg
2897
S5 *
<2 *
58 20 * .0-4 l‘: ]
- g R | ]
§ g 15 . o~ ",
£ o 10 4 TS 0.3
T gl 02
L-.--I--.E-—iﬂ?ﬁ—m
0
0 2000 4000 6000 8000
Time (s)

Figure 2. Amount of KClI (blue diamonds) or MgCl, (red squares) in
the receiving phase as a function of time in diffusion dialysis of 0.01 M
KCI or 0.01 M MgCl, through a porous alumina membrane coated
with a (PSS/PAH), film. The inset shows an enlarged region for the
MgCl,.

amounts of K* and Mg*" in the receiving phase during aqueous
dialysis of 0.01 M MgCl, or 0.01 M KClI through a porous
alumina membrane coated with a (PSS/PAH), film. (The
receiving phase initially contains deionized water.) Based on the
slopes in Figure 2 and in similar replicate experiments, the flux
of KClis (2.4 + 0.5) X 107 mol cm™2 s™}, whereas the flux of
MgCl, is <7 X 1072 mol cm™ s™". As Table 1 shows, these
fluxes lead to a remarkable KJ’/Mg2+ selectivity >350, and in
dialysis with a source phase solution containing both MgCl,
and KCl, the fluxes of each cation are essentially similar to
those in single-salt experiments. Tieke and co-workers
performed dialysis using (PSS/PAH)y, films on porous
poly(acrylonitrile) /poly(ethylene terephthalate) supports and
achieved a Na®/Mg" selectivity of 113 with source phase
concentrations of 0.1 M."* The support and number of layers in
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Table 1. Ion Fluxes and Selectivities in Diffusion Dialysis of
KCI and MgCl, through Bare Porous Alumina Membranes
and Similar Membranes Coated with (PSS/PAH), and
(PSS/PAH),PSS Films

single salt ion flux selectivity
membrane ion (nmol ecm™2 s71) (K*/Mg™)
bare alumina K 6.43 + 0.65 1.47 + 0.15
Mg?* 436 + 0.04
(PSS/PAH) -coated K* 239 + 0.50 >350
alumina
Mg** <0.007
(PSS/PAH),PSS-coated K 3.09 + 0.18 276 + 93
alumina
Mg 0.011 + 0.004

the film as well as the source phase concentration likely affect
selectivities.

Dialysis using porous alumina coated with a (PSS/PAH),PSS
film gives salt fluxes (Table 1) similar to those with (PSS/
PAH),-coated membranes. Hence, the surface charge is not a
dominant factor in controlling transport, and the K'/Mg*"
selectivity likely results primarily from the difference in
hydrated ion sizes (or solvation energies) rather than charge
exclusion. Previous SEM images of these membranes show that
the interiors of the pores are open, and selectivity only
increases dramatically after full coverage of the support.'"*!
Thus, the primary effect of the polyelectrolyte adsorption
results from the film on the surface and not adsorption within
pores.*” The relatively dense PEM structure is essentially
impermeable to Mg** (hydrated diameter of 8 A) but much
more permeable to K* (hydrated diameter of 3 A).* Studies
with the transport of neutral molecules suggest that the
effective pore diameter in (PSS/PAH), films is around 0.8—1.0
nm, which is consistent with the exclusion of Mg2+.36

Ion fluxes through these composite membranes are affected
by both the PEM and the alumina support. In each of these
membrane regions, eq 3 describes the salt flux, J, where AC is
the concentration gradient across the region and P is the local
permeance.

] = PAC (©)

According to the series resistance model,** eq 4 describes the
permeance of the PEM, Py, where P, o4 is the permeance
of the PEM-coated membrane and

compositePsupport

- P

composite

P, =
film p

support

(4)
P

support 15 the permeance of the bare alumina. We calculated the
values of P oposice and Py for KCI using eq 3 with 0.01 M
for AC and diffusion fluxes of 6.4 and 2.4 nmol cm™ s~
through the bare and modified membranes, respectively.
Equation 4 then reveals that the permeance of the PEM,
Py is 3.8 pm/s. In contrast, the PEM permeance to MgCl, is
<0.007 um/s.

Nanofiltration. In NF with PEM-coated porous alumina, a
pressure drop forces water across the membrane while the feed
solution flows parallel (crossflow) to the membrane surface. If
water and ion transport occur solely by independent diffusion,
the solution-diffusion model should describe the ion rejection.
In this model, eq 3 still describes the salt flux across the
membrane, with P = Pg,,. Assuming negligible concentration

polarization in the feed solution, or ACg,, = Cf — C,, eq S
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Table 2. Experimental and Predicted Ion Rejections and K*/Mg>* Selectivities in NF* of 0.01 M KCl or 0.01 M MgCl, through
Porous Alumina Membranes Coated with (PSS/PAH), Films

predicted values” experimental values
rejection (%) rejection (%) solution flux (m*/(m? day))
K Mg** selectivity (K*/Mg*") K* Mg** K* Mg** selectivity (K*/Mg™")
85.3 £ 4.27 >99.96 >350 473 £ 44 96.7 + 0.7 191 + 0.07 1.61 + 0.07 16.0 + 1.3

“NF occurred with a transmembrane pressure of § bar and a crossflow rate of 26 mL/min. “The predicted values were calculated from the diffusion
dialysis results and the solution-diffusion model.

describes the salt rejection based on the solution-diffusion cations and anions. Ideally, the electrical potential drop across
model the membrane, E, is a function of the transference numbers of
P th4e5 cation and anion, ¢, and t_, respectively, according to eq
Re=1— —fim 6.
J, + Bim (5) . L, ¢ \RT S
where J, is the volumetric flux through the membrane (see the z, * z_| F " a, (6)
Supporting Information for more details on the solution-
diffusion model). In this equation, R is the gas constant, z, and z_ represent the
Table 2 shows experimental and predicted salt rejections in charges of the cation and anion, respectively, T is the
NF with alumina membranes coated with (PSS/PAH), films. temperature, F is the Faraday constant, and a, and a, are the
We predicted the rejections using the Py, values from diffusion salt activities in the source and receiving phase solutions,
dialysis, the experimental values of J,, and eq S. Notably, the respectively. The transference numbers depend on the charge,
solution-diffusion model greatly overpredicts the NF rejections. concentration, and diffusivity of each ion, as eq 7 shows for the
Although the K*/Mg*" selectivity in NF is 16, which is similar cation.
to the Na®/Mg>" selectivity in our previous work,”" this lz,IC,D,
selectivity is much lower than the value of >350 observed in t, = Z1CD Z1CD
diffusion dialysis. 2lGD, + 2 16D )
The lower than expected rejections in NF likely stem from In this equation, C, and C_ are the concentrations and D, and
convective transport of ions. However, given the assumption of D_ are the diffusion coefficients of the cation and anion,
a ~20 nm”' thick polyelectrolyte layer, the permeability respectively. Because for MgCl, most of the mass transport
coefficients estimated from the diffusion dialysis data are 4 resistance of the coated membrane stems from the PEM, the
and 7 orders of magnitude lower than the bulk diffusivities for transference number is essentially that in the film, and the
KCl and MgCl,, respectively. Such strongly reduced diffusivities support can be neglected. For KC], the transference number
are hardly compatible with the picture of a nanoporous reflects the selectivity of both the support and the PEM.
medium, which is required to have noticeable convective Figure 3 shows the potential drop across (PSS/PAH),- and
coupling in a defect-free matrix. Thus, the increased passage of (PSS/PAH),PSS-coated alumina membranes as a function of
MgCl, in NF most likely stems from convection through film
imperfections that arise due to inhomogeneities in the alumina 0
support. Some SEM images reveal defects in the alumina skin -10 A
layer on the porous alumina supports (see Supporting 201 ° =-96:3x+1.5
Information Figure SS), and such imperfections will likely :E,'ig R
lead to defects in the PEM. NF rejections and diffusion dialysis £ :5 0
fluxes seem to vary when we use membranes taken from 2 50 R
different boxes, and SEM images suggest that the defect density 0 L ﬁ B
varies from box to box (see the Supporting Information). -80 .ﬁ:_(ggggﬁzhpss I
Therefore, the data above were all obtained using one box of -90 Al MR T
alumina supports. 0 05 ! 15 2
Concentration polarization may also decrease K'/Mg>* log(a/az)
selectivity in NF compared to diffusion dialysis. However, the Figure 3. Transmembrane potential as a function of log(a,/a,), where
Mg’ rejection is not a strong function of either crossflow rate a, and a, are the activities of MgCl, in the source and receiving phases,
or permeate flux, so concentration polarization is not the respectively. The source phase MgCl, concentrations ranged from
primary factor leading to low rejection. Moreover the 0.001 to 0.0215 M, whereas the receiving phase always contained
concentration polarization factors needed to make the NF 0.001 M MgCl,. Squares and triangles represent alumina membranes

results consistent with dialysis data seem unreasonably high coated with (PSS/PAH), and (PSS/PAH),PSS films, respectively.

(see section 4 of the Supporting Information for a longer

discussion of concentration polarization). log(ay/a,) for MgCl, solutions. (In these experiments, the

Membrane Potential. The rate of salt diffusion through a receiving phase concentration is always 0.001 M.) For low
membrane depends on the solubility and diffusivity of both the source phase concentrations, the slopes of the linear fits to data
cation and the anion, but transport experiments typically assess for both types of membranes are around —57 mV, indicating
only a composite salt permeance. In contrast, electrical that the transference number for Mg®* is essentially zero. For
potential drops across membranes exposed to salt concen- completely selective membranes with no permeability to Mg**,
tration gradients inherently reveal the relative permeabilities of the slope would be —59 mV. The low Mg*" transference
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number is consistent with the negligible MgCl, flux in diffusion
dialysis. Regardless of whether the film terminates with PAH or
PSS, the membrane is much less permeable to Mg>* than CI,
suggesting that size exclusion or a difference in ion solvation
energies is the dominant mechanism behind the low Mg**
transference number. The high electric field across the PEM (as
high as 35000 V/cm) is common in interfaces and double
layers.

At the higher source phase concentrations in Figure 3, the
decrease in slope implies that the Mg®* transference number
increases with the MgCl, concentration. Fixing the source to
receiving phase concentration ratio at 2 while varying the
concentrations in both solutions more clearly reveals the
influence of ionic strength on transference number. As Figure
4a shows, the Mg2+ transference number increases from around
0 with a 0.0043 M MgCl, source phase to 0.42 in a 0.20 M
MgCl, source phase. This trend occurs with both (PSS/PAH),
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Figure 4. Transference numbers of cations as a logarithmic function of
the (a) MgCl,, (b) MgSO,, and (c) KCl source phase concentrations
(from 0.0043 to 0.20 M) employed in transmembrane potential
measurements with bare alumina membranes (diamonds), (PSS/
PAH),-coated membranes (squares), and (PSS/PAH),PSS-coated
membranes (triangles). The ratios of the source and receiving phase
concentrations are 2 in all cases.
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and (PSS/PAH),PSS films, suggesting that the increasing
transference number at high ionic strength is not simply due to
screening of surface charge and that the membrane becomes
more permeable to Mg** as the MgCl, concentrations
increases. Farhat and Schlenoff provided evidence that at high
ionic strength polycations and polyanions dissociate to create
more ion-exchange sites and enhance transport.*' Control
experiments with uncoated porous alumina also show more
permeability to CI~ than Mg**, presumably because the alumina
is positively charged. However, the effect is much smaller than
in coated membranes (Figure 4a). At the lowest concentrations,
the potential drops across bare membranes are only —8.3 mV
compared to —16.7 mV across membranes coated with (PSS/
PAH), films.

Despite the large size of SO,*” relative to Cl”, the Mg**
transference numbers for MgSO, diffusion through (PSS/
PAH),-coated membranes are only slightly smaller than those
with MgCl, (compare Figures 4a and 4b). The Mg**
transference number is <0.1 with 0.0043 M MgSO, in the
source phase (Figure 4b). PSS terminated membranes likely
electrostatically exclude SO4 ,> and this might explain why in
the case of MgSO, the Mg*" transference numbers are a little
higher for (PSS/PAH),PSS films than (PSS/PAH), films.

Interestingly, at source phase concentrations of 0.0043 M,
even KCI shows a cation transference number of only ~0.25
(Figure 4c). This is in contrast to aqueous solutions where the
potassium and chloride transference numbers are nearly
equal®*® The low cation transference number stems in part
from the positively charged alumina substrate, which excludes
cations, but the K" transference number is significantly lower
for membranes coated with (PSS/PAH), and (PSS/PAH),PSS
than for bare alumina. The low K' transference number
suggests a slight positive charge on these films.*’

Diffusion Dialysis and Nanofiltration as a Function of
Solution Composition. The transmembrane potential
measurements suggest that the membrane permeability to
Mg** increases with the ionic strength of the surrounding
solution. To further assess the effect of ionic strength on ion
transport, we performed diffusion dialysis of 0.01 M KCI while
adding equal amounts of MgCl, to the source and receiving
reservoirs. Figure 5 shows that on going from 0 to 0.0464 M
MgCl, in both the source and receiving phases the K" flux

2
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16 |®AI-(PSS/PAH),
5
T 1.2 1
1)
=
© 0.8
[}
o
0.4 -
0 4
water  0.01M 0.0215M 0.0464M
MgCl, MgCl, MgCl,

Figure S. Normalized K* fluxes in diffusion dialysis of 0.01 M KClI
through bare and (PSS/PAH),-coated alumina membranes. All
experiments occurred with 0.01 M KCI as the source phase, and the
MgCl, concentrations in the source and receiving phases varied
simultaneously from 0 to 0.0464 M. Fluxes are normalized to those
with no MgCl,, which were 6.4 and 2.4 nmol cm™ s™' for bare and
coated membranes, respectively. (All experiments with diffusion
dialysis as a function of salt composition were performed using
alumina supports from a new box.)
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increases by a factor of ~1.6. The corresponding addition of
MgCl, to both source and receiving phases in diffusion dialysis
with bare alumina does not increase flux. Thus, the primary
effect of MgCl, addition is an increase in the permeability of the
polyelectrolyte film to KCL Similarly, the Mg®* permeability
(0.01 M MgCl, in the source phase) increases ~1.5 times upon
the addition of 0.119 M KCI to both source and receiving
phases. (The addition of 0.119 M KClI gives the same solution
ionic strength as the addition of 0.0464 M MgCl, to 0.01 M
KCl)

Compared to diffusion dialysis, NF may show different
trends in ion flux as a function of ionic strength because ion
transport occurs in part through convective coupling with water
flux. As Figure 6a shows, within experimental uncertainty, the
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Figure 6. Rejections of (a) MgCl, and (b) trace KCl in NF through
porous alumina membranes coated with (PSS/PAH), films. The
MgCl, feed concentrations ranged from 0.0010 to 0.0464 M while the
KCI concentration was 0.5% of that for MgCl,. Both graphs are from
the same experiments repeated with more than three membranes. The
applied pressure was adjusted from 2.8 to 6 bar to keep the difference
between the applied pressure and osmotic pressure approximately the
same and maintain a nearly constant volume flux. The crossflow rate
was 26 mL/min.

MgCl, rejection in NF is constant with feed concentrations
ranging from 0.001 to 0.0232 M MgCl, (rejection ranged from
98.6 to 98.8%). At an even higher feed concentration (0.0464
M), the rejection decreases slightly to 96.9%. The results in
Figure 6a are mostly consistent with a primary Mg2+ transport
mechanism of convective coupling, probably through defects.
In transport through defects the Mg** flux should be
proportional to the MgCl, feed concentration, and rejection
should be independent of concentration.

Negative Rejections in Nanofiltration. Diffusion poten-
tials created by MgCl, transport through imperfection-free
regions of the membrane may affect the transport of other
charged species. This should be particularly true for K" because
diffusion through the defect-free region may dominate its
transport. To examine the effects of MgCl, on the transport of
other species in NF, we added trace amounts of nitrobenzene
(0.10 mM) and KCI (0.5% of the concentration of MgCl,) to
the NF solutions. The nitrobenzene rejection is ~20%,
regardless of MgCl, concentration, suggesting that the presence
of MgCl, has a marginal effect on the overall membrane
permeability. Consistent with minimal variation in film
permeability to nitrobenzene, the water flux is also relatively
constant at essentially equal driving pressures. We varied the
applied pressure to keep the driving force, applied pressure
minus osmotic pressure, for solution flux approximately
constant, and the solution flux ranged from 0.63 to 0.86 m?/
(m?* day) over the range of MgCl, feed concentrations in Figure

6.
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In contrast to MgCl,, Figure 6b shows that NF rejection of
K" decreases significantly with increasing MgCl, concentrations
and becomes highly negative. At the highest Mg** feed
concentration, the amount of K" in the permeate is 2.5 times
that in the feed. The negative rejection reflects a negative
electrical potential drop (from feed to permeate) across the
membrane that enhances K' and Mg®" transport while
decreasing transport of Cl” to maintain zero current (see
Figure 1). However, the reason for the decreasing K* rejection
with increasing MgCl, concentration is not readily evident
because the transference numbers obtained from membrane
potentials decrease with increasing MgCl, concentration (see
Figure 4a). Increased permeability to K* with increasing MgCl,
concentrations (Figure S) can compensate a fraction of the
decreased membrane potentials at higher MgCl, concentra-
tions, but this may not account for the 3-fold increase in K*
passage on going from 0.0010 to 0.0464 M MgCl, as the
dominant salt.

The high negative rejections might stem from selective
convective transport of Cl~ over Mg’" in the defect-free region
of the matrix. Such a mechanism should increase trans-
membrane potentials and give more negative rejections with
increases in permeate flux. However, Figure 7 clearly shows less
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Figure 7. MgCl, and KCI rejections as a function of permeate flow
rate in NF of 0.0215 M MgCl,, 0.11 mM KClI through porous alumina
coated with a (PSS/PAH), film. The Mg*" rejections range from
97.1% to 98.7%. The applied pressure varied from 2 to $ bar, and the
crossflow rate was 26 mL/min. (Figure S4 shows an enlarged plot of
the Mg>* rejection.)

negative K* rejection as flux increases. In fact, the concentration
of K* in the permeate is almost proportional to the solution
flux. This shows that K" flux, which predominantly occurs
through diffusion and electrical migration, is essentially
independent of solution flux, and higher permeate flow rates
simply dilute the K*. Thus, selective convective transport of C1~
over Mg?’r does not contribute to negative rejection. Currently,
we do not have a satisfactory explanation for why the K* NF
rejection becomes more negative with increasing concen-
trations of MgCl,, although increases in film permeability may
contribute to this phenomenon. The Mg*" rejection is relatively
independent of solution flux (see Figure 7 and Figure S4), so
for this highly rejected ion, convective coupling (presumably
mostly through defects) is important because diffusion through
the membrane is very slow.

Consistent with negative rejection stemming from electrical
migration, the trace cation rejection varies with the mobility of
the cation. Figure 8a shows rejections of trace Li*, K, and Cs".
The mobility of Li* is about half that of K" and Cs*, and the
amount of Li" passing through the membrane is indeed about
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Figure 8. Ion rejections during NF of solutions containing (a) 0.0464
M MgCl, or (b) 0.0464 M MgSO,. Both feed solutions also contained
0.232 mM LiCl, 0.232 mM KClI, and 0.232 mM CsCl. NF occurred at
6 bar through porous alumina membranes coated with a (PSS/PAH),
film. The crossflow rate was 26 mL/min.

half that for the other alkali ions, as reflected by the —40%
rejection of Li* and the —200% rejection of K* and Cs™.

When MgSO, is the dominant salt instead of MgCl,, the
rejection of Mg”* decreases to 67%. This is consistent with the
higher transference numbers of Mg>" in MgSO, than in MgCl,.
The lower diffusion potential across the membrane with
MgSO, relative to that with MgCl, also leads to less negative
rejections of monovalent cations (compare Figures 8a and 8b).
Nevertheless, the monovalent-ion negative rejections still
follow the ion mobility trend, where LiCl has the smallest
magnitude of negative rejection while CsCl has the most
negative rejection.

Bl CONCLUSIONS

PSS/PAH films show remarkable K*/ Mg2+ selectivities >350 in
diffusion dialysis. However, the corresponding selectivity in
nanofiltration is only 16, suggesting that convective transport of
Mg** occurs (probably through membrane imperfections).
Nevertheless, the extremely high dialysis selectivities might
prove useful in electrodialysis, and we are investigating this
possibility. Transmembrane electric potentials under concen-
tration gradients show that PSS/PAH films are selectively
permeable to anions, but this selectivity decreases with
increasing salt concentrations. In nanofiltration, the differences
in Mg®* and Cl~ permeabilities give rise to electrical potentials
across the membrane that lead to negative K rejections as low
as —200%. The magnitude of negative rejection increases with
the trace ion mobility and might prove useful in selective
removal of alkali cations from electrolyte mixtures containing
multiply charged cations.
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