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The application of membrane technology to separate and extract
target ions, such as lithium or chlorine has recently seen
considerable growth as a research topic, driven by the growing
demand for energy and the status of this technology as
environmentally-friendly. Based on the alternating current electric
field layer-by-layer assembly technology, we report in this work
target ionic control membrane surface multilayers with ion
channels and ion exchange sites to control selective ion separation
in electrodialysis. The reported surface multilayers utilize ion
interactions between electric field force and charged groups, and
the mechanics of the target ion controlling the construction of ion
exchange sites in an oppositely charged polymer layer and target
ion channels in a like-charged monomer layer. The resulting
membranes act as a strong barrier for multivalent ions, displaying
a selective separation efficiency parameter equal to 99.99% for
PO.3-/Cl- and 99.99% for SO4%/Cl- in the resulting anion exchange
membrane, and 83.70% for Mg?*/Li* and 64.51% for Ca2*/Li* in the
resulting cation exchange membrane. Contrary to the initial
selective separation efficiency between monovalent ions (-16.50%
for Br/Cl and -40.00% for K*/Li*), the resulting membranes
remarkably enhanced the transport of the target ions more easily
than other monovalent ions (0.76% for Br/CI- and -9.10% for
K*/Li*). This work suggests promising new quantum mechanics of
ion and electric field-based ionic control concepts to synthesize
membranes with the ability to selectively separate a target ion.

Critical energy shortages and environmental pollution are the
most urgent challenges of our modern civilization and have
driven scientists to develop various techniques for solving
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these urgent problems.l 2 Extracting clean resources for
energy utilization from the ambient environment is an
economically and ecologically friendly way to replace
conventional nonrenewable and environmentally costly fossil
fuels.3:6 Renewable and clean energy sources, such as lithium
and chlorine ions, which are abundant in salt lakes and sea
water, have been regarded as one of the most promising and
efficient replacements in recent years.Z 8 However, the
coexistence of chemically similar ions in salt lakes and sea
water severely limits the extraction of high-purity target ions
through traditional techniques with low selective efficiency,
such as salting out, precipitation, and nanofiltration.2-L It has
been revealed that biological membrane materials exhibit an
extraordinarily efficient selectivity for ion transport through
enriched charged residue ion channels.12 13 These discoveries
have motivated scientists to explore further to imitate and
synthesize artificial materials with ionic transport channels for
separation and extraction of target ions.14 15

Naturally, ion exchange membranes (IEMs) with positively
or negatively charged functional groups, which function as
anion exchange membranes (AEMs) or cation exchange
membranes (CEMs), are expected to mimic the ion separation
properties found in biological membranes when used in
electro-driven processes.1618 Currently, IEMs with selective
separation properties for monovalent ions have been explored,
which noticeably expands the application field of IEMs and
demonstrates their potential in the extraction of ionic
resources.22 In classical theories, the electrostatic repulsion
effect between solution ions and the charged membrane
surface and the size sieving effect between the hydrated ionic
diameter and the membrane structure are the most important
rules for preparation of the AEMs/CEMs with selective
monovalent ion separation properties.2%-22 However, based on
the electrostatic repulsion effect, the coexistence of a large
number of monovalent anions, such as ClI- and Br, or
monovalent cations, such as Li* and K*, with chemically similar
properties are difficult to be selectively separated from each
other.Z2 Furthermore, the size sieving effect may cause an
inevitable low desalination efficiency, which leads to a high
energy consumption.24
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Fig. 1 Design of the ionic-controlled multilayer membranes. (a) Schematic of the design of ionic-controlled multilayer membranes
by surface layer-by-layer assembly of the oppositely charged polymer layer and the similarly charged monomer layer. The ionic-
controlled multilayer AEM was synthesized by L-dopamine self-polymerization and amide reaction with 4-aminobenzenesulfonic
acid (L-PDAH#ABS) layers, and assembly with HACC layers; it exhibits a dominant repulsion against cations and multivalent anions
and enhances the transport of the target anion. The ionic-controlled multilayer CEM was synthesized by dopamine self-
polymerization and reaction with 2, 3-epoxypropyl trimethyl ammonium chloride (PDA#ETAC) layers, and assembly with PSSMA
layers; it exhibits a dominant repulsion against anions and multivalent cations and enhances the transport of the target cation. (b)
Schematic of the hydrated ion consists of ion, coordinated and non-coordinated water molecules; relationship between the
hydrated ionic diameter and the enthalpy of hydration (-AH°). (c) Schematic of under the alternating current (50 Hz), the
unstable polymers falling from the membrane surface and the target ion controlling the construction of the special multilayer
surface.

the mechanics of ions and the connection between hydrated
ions and the enthalpy of hydration in the electric field when

In terms of traditional layer-by-layer (LbL) assembly
technology, researchers usually focus on adsorption of

positively/negatively charged polyelectrolytes on a membrane
surface in a perfect manner to enhance the selectivity.2> 26
Few reports focus on the preparation of a membrane based on

2 | J. Name., 2012, 00, 1-3

using the LbL assembly technology. Due to the different
features of mechanics of ions in an electric field, the use of the

This journal is © The Royal Society of Chemistry 20xx
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target ion to control materials with precision ion response has
garnered increasing concern in recent years.2Z:22

Based on the mechanics of ions in an electric field, herein,
we use an alternating current electric field and a target ion to
control the architecture of the multilayer, which has the target
ion exchange sites in an oppositely charged polymer layer and
the target ion channels in a similarly charged monomer layer.
The target ion-controlled multilayer AEMs were synthesized
via alternating current LbL assembly technology,3? using L-
dopamine self-polymerization (LPDA) followed by an amide
reaction with 4-aminobenzenesulfonic acid (ABS) to form
negatively charged monomer layers (LPDA#ABS) and assembly
with 2-hydroxypropyltrimethyl ammonium chloride chitosan
(HACC) layers to build a multilayer on the commercial AEM
surface (Fig. 1a). Similarly, multilayer CEMs were synthesized
by using dopamine self-polymerization (PDA), which then
reacted with 2, 3-epoxypropyl trimethyl ammonium chloride
(PDA#ETAC) to form positively charged monomer layers
(PDA#ETAC); assembly with poly(4-styrenesulfonic acid-co-
maleic acid) sodium salt (PSSMA) layers to build a multilayer
on the CEM surface was then completed (Fig. 1a). Because of
the specific hydrated ion characteristics in aqueous solution,
such as the hydrated ionic diameter and the enthalpy of
hydration (-AH°) (Fig. 1b and Fig. S2), each ion shows its
specific mechanical properties (Shown in Fig. S1 in Supporting
Information).2Z 28 31 |n an electric field, the target hydrated ion
may be used to control the special structure of multilayer (Fig.
1c). Under an alternating current field (50 Hz), the unstable
charged monomers and polymers could not be coated on the
membrane surface, which ensured the stability of the
multilayer (details shown in Fig. S3 in Supporting Information).
The resulting membranes with different multilayers were
named as AEM-m (m is the number of bilayers on AEM surface,
which m = 0.0, 0.5, 1.5, 3.5 and 5.5) and CEM-n (m is the
number of bilayers on AEM surface, which n =0.0, 0.5, 1.5, 3.5
and 5.5).

The monomers’ structure with a negatively
charged sulfonic group and a positively charged quaternary
ammonium group, which constituted the surface functional
layer for AEMs and CEMs, respectively, is shown in Fig. 2a, and
the other polymer chemical structures is shown in Fig. S4 and
S5. To explore the surface charge of the resulting membranes,
the T potential was measured from pH 3 to 10 (Fig. 2b and 2c).
The variation of the T potential with the increase of the
number of multilayers can be explained by the effect of the
positively/negatively charged multilayer. In AEMs (Fig. 2b),
increasing the pH decreased the { potential of the membranes.
Compared to AEM-0.0, AEM-0.5 showed a higher variation of
the T potential. Furthermore, increasing the number of
multilayers (from AEM-0.5 to AEM-5.5) caused the variation
range of the T potential to develop in a flat trend. Similarly,
CEM-0.5 showed a higher variation of the T potential range
than CEM-0.0, and the variation range of the T potential
developed in a flat trend from CEM-0.5 to CEM-5.5. This
phenomenon occurred due to an increased number of
positively/negatively charged multilayers, which endowed the
membrane surface with a homogeneous charge property.

chemical

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Monomers for layer-by-layer assembly and

characterizations of membrane surface chemistry. (a) The
chemical structure of ABS and ETAC. (b) and (c) The zeta
potentials of AEMs and CEMs, respectively. (d) and (e) The XPS
spectra of membrane surface elements (O 1s, N 1s, C 1s and S
2p) in AEMs and CEMs, respectively. (f) and (g) The ATR-FTIR
spectra of membrane surface groups change in AEMs and
CEMs, respectively.

X-ray photoelectron spectroscopy (XPS; Fig. 2d and 2e) and
attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR; Fig. 2f and 2g) of the membranes
show newly introduced elements and functional groups on the
membrane surface. The peaks located at 528.7, 397.4, 282.3,
and 164.8 eV in XPS spectra represent the elements O 1s, N 1s,
C 1s and S 2p, respectively.32335 The elemental analysis reveals
that by adding multilayers, the S 2p element in the AEMs also
increased (Fig. 2d). Fig. 2e shows that the membrane surface N
1s element of CEMs was decreased with the increase of the
number of multilayers. This is probably because the outside
layer consisted of negatively charged sulfonic groups in AEM-
5.5 and positively charged quaternary ammonium groups in
CEM-5.5. That the peaks at 1375, 1175 and 1030 cm? of ATR-
FTIR spectra, which belong to the asymmetric and symmetric
stretching vibration of S=0 and the stretching vibration of S-O,
respectively, are only presented in the as-prepared AEMs
confirms that the S 2p only exists in the sulfonic groups.36

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Scanning electronic microscopic (SEM), XPS and AFM characterization of modified AEMs. (a) Surface, (b) cross-section SEM
image and (c) its element mapping of AEM-0.0. (d) Surface, (e) cross-section SEM image and (f) its element mapping of AEM-5.5.
The XPS spectra of high resolution (g) C 1s and (h) S 2p of AEM-0.0. The XPS spectra of high resolution (i) C 1s and (j) S 2p of AEM-

5.5. The AFM surface image of (k) AEM-0.0 and (I) AEM-5.5.

In addition, the peaks at 1360 and 1035 cm™ are the
characteristic peaks of C-N, and the peak at 1210-1160 cm™ is
the stretching vibration of C-O-C, which reflects that the ETCA
has grafted onto membrane surface through the reaction of
the quaternary ammonium groups.3Z

In order to further characterize the resulting AEMs, the
surface and cross-section morphology as well as the cross-
section element distribution mapping of AEMs were observed
by scanning electronic microscopy (SEM; Fig. 3a to 3f and Fig.
S8). The uneven surface (Fig. 3a), irregular cross-section with
supportive fabric (Fig. 3b) and low S element distribution (Fig.
3c) of AEM-0.0 can be clearly observed. Furthermore, the
homogeneous sphere shapes along the surface (Fig. 3d) and
the surface multilayer of AEM-5.5 can be distinguished from
the SEM cross-section image (Fig. 3f). In addition, elemental S

4| J. Name., 2012, 00, 1-3

was widely distributed in AEM-5.5 (Fig. 3f). The high resolution
XPS spectra of C 1s and S 2p further illustrated that the
chemical component of membrane surface had been modified.
Unlike AEM-0.0 (Fig. 3g and 3h), in the high resolution C 1s XPS
spectra of AEM-5.5, a new peak appeared at 286.4 eV, which is
indicative of C-S vibration (Fig. 3i). The high resolution S 2p XPS
spectra (Fig. 3j) displayed peaks at 167.4 eV (S-O vibration),
168.0 eV (S=0 vibration), and 168.8 eV (S-C vibration). This
suggests that the membrane surface has been assembled with
negatively charged sulfonated Through
characterization by atomic force microscopy (AFM), the
amount of concave section distribution of AME-0.0 (Fig. 3k)
can be compared to that of AEM-5.5 (Fig. 3l), which showed
homogeneous sphere shapes indicative of atomic force
property and an enlarged membrane specific surface area.

groups.

This journal is © The Royal Society of Chemistry 20xx
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Based on the Wenzel model theory, since the multilayers were
comprised of hydrophilic materials and the surface roughness
increased, the final hydrophilicity will be enhanced.38

The irregular and uneven surface with supportive fabric
can be also observed from the surface (Fig. 4a) and cross-
section (Fig. 4b) SEM images of CEM-0.0. The element
mappings from the SEM cross-section image reveal that CEM-
0.0 contains little elemental N (Fig. 4c). Fig. 4d shows the
homogeneous sphere shapes in the surface of CEM-5.5. The
homogeneous multilayer on the membrane surface can be
clearly distinguished from the cross-section SEM images (Fig.
4e), and its mappings illustrate that the multilayer contains a
higher amount of elemental N (Fig. 4f) (Other SEM images are
shown in Fig. S9). Compared to the high resolution XPS spectra

COMMUNICATION

of C 1s in CEM-0.0 (Fig. 4g), that of CEM-5.5 shows a higher
proportion of C-N bonds (Fig. 4i). The high resolution N 1s XPS
spectra of CEM-0.0 can only be fit into the two peaks at 399.4
eV (primary ammonium N-C vibration) and 400.0 eV
(secondary ammonium N-C vibration) (Fig. 4h). However, a
new peak appeared at 401.85 eV in the high resolution N 1s
XPS spectra of CEM-5.5, which results from the tertiary
ammonium vibration (Fig. 4j). This reflects that the membrane
surface multilayer was assembled with positively charged
quaternary ammonium groups. The AFM images of CEM-0.0
(Fig. 4k) and CEM-5.5 (Fig. 4l) also illustrate that electric field-
based ionic control results in a multilayer with higher
hydrophilicity and lager specific surface area.
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Fig. 4 Scanning electronic microscopic (SEM), XPS and AFM characterization of modified CEMs. (a) Surface, (b) cross-section SEM
image and (c) its element mapping of CEM-0.0. (d) Surface, (e) cross-section SEM image and (f) its element mapping of CEM-5.5.
The XPS spectra of high resolution (g) C 1s and (h) S 2p of CEM-0.0. The XPS spectra of high resolution (i) C 1s and (j) S 2p of AEM-

5.5. The AFM surface image of (k) CEM-0.0 and (l) CEM-5.5.
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The
measured by a membrane-based device (Fig. S6, see details in

membrane surface electrical resistances were
Supporting Information). All the resulting membranes show a
higher surface electrical resistance than the pristine one.
However, compared to AEM-0.0, of which the surface
electrical resistance is 2.30 Q-cm?, the surface electrical
resistance values of AEM-0.5, AEM-1.5, AEM-3.5 and AEM-5.5
increase by 0.17, 0.61, 1.05 and 1.99 Q-cm?, respectively (Fig.
5a). Similarly, compared to CEM-0.0 (Fig. 5b), of which the
surface electrical resistance is 5.13 Q-cm?, the surface
electrical resistance values of CEM-0.5, CEM-1.5, CEM-3.5 and
CEM-5.5 increase by 0.16, 0.68, 1.22 and 1.75 Q-:cm?,
respectively. According to the multilayer preparation
processes, under the alternating current electric field, the
unstable and redundant monomers/polymers cannot be
synthesized into the multilayer, thereby keeping the multilayer
homogeneous and stable, and the increased surface electrical
resistances were not very high. The small increase of surface
electrical resistance indicates the low energy requirements in
industrial application.

The current-voltage curve, which reflects
electrochemical performance between the
potential and the current in desalination process, was tested
for a membrane surface area of 20.0 cm?in 0.1 M NacCl (Fig. S7,

see details in Supporting Information). All the membranes

the
membrane

showed three kinds of typical electrochemical behaviors of
IEMs, which are the Ohmic region, plateau region and
overlimiting region (Fig. 5c, 5d, S12 and S13). When the
multilayer number increased to 5.5 bilayers, the limiting
current density of AEM-5.5 was about 34.0 mA-cm2 (Fig. 5c)
and that of CEM-5.5 was 18.5 mA-cm2 (Fig. 5d). The resulting
membranes were compared to commercial monovalent
selective membranes (ASV and CSO) for which the limiting
current densities were 28.0 mA-cm? and 15.0 mA-cm?2,
respectively (Fig. S14). The above results indicate the

6 | J. Name., 2012, 00, 1-3
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Fig. 6 Comparison of ion selective separation performances.
The selective separation performance for Cl, Br, SO4% and
PO43 of (a) AEM-0.0 and (b) AEM-5.5. The selective separation
performance for Li*, K*, Mg2* and Ca%* of (c) CEM-0.0 and (d)
CEM-5.5.

promising electrochemical performance of the
membranes.

To explore the separation performance of the resulting
membranes for the selective target ion, as shown in Fig. S15a
and Fig. S16a (all the initial ions were 50 mM, and the initial
voltage was 15.0 V for the 20 cm? of membrane), we
investigated the selective separation of Cl- of the AEMs in ED
by using a model saline solution containing NaCl, NaBr, Na;SO4
and NasPO, (Fig. S15, Fig. 6a and 6b) and also investigated the
selective separation of Li* through the CEMs in ED by using a
model saline solution containing KClI, LiCl, MgCl, and CacCl, (Fig.
S16, Fig. 6¢c and 6d). As discussed before (Fig. 1b), the hydrated
ionic diameters of Br,, Cl, SO42 and PO43 are similar (0.660,
0.664, 0.664 and 0.678 nm, respectively), so that the
concentrations of these ions maintain a similar decreasing
trend in the diluate cell for AEM-0.0. The enthalpy of hydration
(-AH°) for Br, Cl, SO4? and PO43 is 347, 381, 1059 and 2025
kJ-moll, respectively, which means that SO4? and PO43 need
more energy to transfer through the membrane. Thus, the
transport behavior of hydrated ions through AEM-0.0 is Br- >
Cl- > SO4% = PO43 (Fig. 6a). Compared to AEM-0.0, AEM-5.5
shows that SO42- and PO43- can hardly cross the membrane and
the transport behavior for Cl- is enhanced (Fig. 6b). These
abnormal phenomena probably occur because the target ionic
control multilayer showed a high electrostatic repulsion for
multivalent ions and constructed a Cl- channel for enhancing
Cl- transport. A similar conclusion was drawn for the CEMs. The
order of hydrated ionic diameters for cations is Mg2?* > CaZ* >
Li+ > K* with values of 0.856, 0.824, 0.764 and 0.662 nm,
respectively, and the enthalpy of hydration (-AH°) is 1921,
1577, 519 and 322 kJ-mol?, respectively. The transport
behavior for CEM-0.0 is K* > CaZ* > Mg?* > Li* (Fig. 6c). Due to
the smallest values of hydrated ionic diameter and enthalpy of
hydration (-AH°), K* transports the membrane faster than
others. Moreover, multivalent cations have a stronger electric

resulting

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Selective separation efficiency and permselectivity
behavior. The selective separation efficiency of (a) AEM-0.0, (b)
AEM-5.5, (c) CEM-0.0 and (d) CEM-5.5. The permselectivity of
(€) AEM-5.5 and (f) CEM-5.5.

field force than monovalent cations, the transport behavior of
MgZ* and Ca?* is greater than that of Li*. When the CEM
surface was coated with the resulting multilayers, CEM-5.5
became a strong barrier for Mg?* and Ca?* ions through
electrostatic repulsion, and the transport behavior of Li* was
greatly enhanced due to the constructed Li* channels and ion
exchange sites (Fig. 6d).

The selective separation efficiency parameter, which is the
retention or separation parameter between two different ions,
is used to show the transport rate of target ion. AEM-0.0 was
found to have a selective separation efficiency parameter of Cl-
(in 30 min) equal to 2.41% (S04%/Cl"), 16.22% (PO,3>/Cl") and -
16.50% (Br-/Cl) (Fig. 7a). In comparison, the same parameter
for AEM-5.5 is 99.99% for SO42/Cl;, 99.99% for PO43-/Cl- and
0.76% for Br/Cl- in 30 min (Fig. 7b). The construction of a
strong barrier for multivalent ions caused PO43 and SO42 to be
rejected by the multilayer, and the improved selective
separation efficiency parameter of Br/Cl- suggests that the
transport behavior for Cl- in ED was enhanced. For CEMs, the
selective separation efficiency parameter of Li* (in 30 min) by
CEM-5.5 is 83.70% (Mg2*/Li*), 64.51% (Ca2*/Li*) and -9.10%
(K*/Li*) (Fig. 7c), while for CEM-0.0 values of -14.45%, -29.10%
and -40.00% were calculated (Fig. 7d). This strong barrier for
MgZ* and Ca?* and the enhanced Li* transport property could
be used to extract lithium as a resource. Furthermore, AEM-
5.5 and CEM-5.5 exhibited a much higher permselectivity
against multivalent ions than AEM-0.0 and CEM-0.0,
respectively. The permselectivity of PO43-/Cl- and SO4?%/Cl- was
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as high as 717,000 and 2530 (Fig. 7e), and the permselectivity
of MgZ*/Li* and Ca2*/Li* is 15 and 8, respectively (Fig. 7f).
Evidently, the resulting membranes act as barriers for
multivalent ions and render an enhanced transport for target
ions.

According to the classical mechanics of ion motion, the
focus is usually on the electric field effect in which ions move
across IEMs in a perfect manner. The electrostatic repulsion
effect and the size sieving effect are the most important
mechanisms for membranes with selective monovalent ion
separation performance. In this work, the strong barrier for
multivalent ions of resulting membranes confirmed these
normal phenomena. However, an atypical phenomenon of
enhanced transport of a target ion can be obtained by the
preparation of target ion exchange sites and target ion
channels. In this work, an alternating current electric field (50
Hz) was applied in the LbL assembly process. The quantum
state of a microparticle/ion can be described by a wave
function ¢ (¥, t), which is the Schriédinger equation:

'ha (F 0 = h2V2+V (A5
ihge @O = (=50 ol

where m is the weight of a microparticle/ion; # is the reduced
Planck constant, which is 1.05*1034 J's; Vis the gradient
operator, which is

p = —ihV

P is the momentum operation

?=f@%a@ma&x

The general state of a free microparticle/ion is the formation
of a wave packet, which is the superposition of many plane
monochromatic waves.

'ha (#t) = hzv2 (%, t)
Mo PV = 7o Ve

+o00

1
0G0 = ez | @expliChF — EO/mdp

due to the relationship between the energy E and the
momentum p

=2
i
2m

when the potential field without the time (t), then
e(F,t) = eMf(L)

thus,
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Thus, once @(T) is a determined value, the distribution
probabilities of observed values of the mechanical quantity are
ensured, which can be used to describe the quantum
mechanics of a microparticle/ion in three-dimensional state.
Under the electric field, the target ion has its specific coherent
superposition of waves and the wave function, so that the
target ions are able to control the architecture of the
multilayer, which has the target ion exchange sites in
oppositely charged polymer layer and the target ion channels
in the similarly charged monomer layer.

Conclusions

In conclusion, target ionic control membrane surface
multilayers were created based on ionic control principle and
alternating current layer-by-layer assembly technology. The as-
prepared AEM-5.5 not only has a significantly improved barrier
function for multivalent ions, of which the selective separation
efficiency parameter is 99.99% of PO,3-/Cl- and 99.99% of SO4%
/Cl, but also has the advantage of Cl- controlled construction
of ion exchange sites and ClI- channels improving the selective
separation efficiency parameter of Br/Cl- from -16.50% to
0.76%. In addition, CEM-5.5 had a selective separation

efficiency parameter as high as 83.70% for Mg2*/Li* and 64.51%

for Ca2*/Li* and enhanced the Li* transport behavior between
monovalent cations (K*/Li*) from -40.00% to -9.10%. This
electric field-based ionic control of selective separation layers
shows great promise when applied to the fabrication of
functional for

various other ion exchange membranes

extracting clean ion resources.
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