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Monovalent cation perm-selective membrane (MCPMs) allow fast and selective transport of monovalent
cations, and they are promisingly required for extraction of special ions, such as lithium extraction, acid
recovery and sea salt production. Herein, we report a novel strategy to design the critical functional
layers of MCPMs with both space charge repulsion and cross-linked dense screenability. The in-situ depo-
sition polymerization of pyrrole was carried out on the surface of sulfonated polyphenyl sulfone (SPPSU)
substrate membrane followed by cross-linking quaternization of the polypyrrole (PPy) layer with diiodi-
nated functional molecules, thus, the membrane obtained more excellent selective permeability and sta-
ble transport properties of monovalent cations. It confirms that the designed PPy layers with charged sur-
face and cross-linking structure improved the hydrophilicity, facilitated cation transport and increased ion
flux. Meanwhile, for the dense PPy layer, the charged cross-linked structure endowed the functional layer
with the synergistic characteristics of Donnan exclusion and pore size sieving for positively charged ions,
which improved the monovalent cation perm-selectivity of the membranes. At a constant current density
of 5.1 mA/cm?, the optimal membrane exhibited superior perm-selectivity (P,ug = 2.07) and monovalent

cation flux (Jyo+ = 2.80 x 10 ~8 mol cm~2 s~') during electrodialysis.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ion exchange membranes (IEMs) are the key component of elec-
trodialysis (ED), diffusion dialysis (DD) and fuel cells, and they are
pioneering ion separation materials for applications including clean
production [1], pollution control [2], resource recovery [3,4] and
energy storage and conversion [5,6]. Traditional IEMs mainly sep-
arate oppositely charged ions, i.e., the separation between anions
and cations. Nevertheless, with the transformation and upgrading
of chemical production, water resources, energy and other tradi-
tional industries, ion exchange membrane technology also faces
new opportunities and challenges. For example, the extraction of
Li* from salt-lake solution with high Li/Mg ratio, the separation of
H* from multivalent vanadium in the flow batteries, and the re-
covery of H* from waste acid solution containing heavy metals.
Thus, selective electrodialysis technology with MCPMs had been
proposed to meet actual industrial needs. As the core component
of selective electrodialysis, the development of high performance
MCPMs is a hot issue in the current field of separation materials.
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The mono/multivalent ion selectivity is governed by the hydra-
tion energy difference of ions, the sieving effect and the Donnan
exclusion based on the membrane structures and properties. Based
on the above separation mechanisms, the preparation methods of
MCPMs mainly include bulk modification and surface modifica-
tion. For the bulk modifications, the internal sieving structure is
constructed through controlling the compactness or increasing the
repulsive force, such as covalent cross-linking, hot-pressing, acid-
base interaction or positively charged dopant. However, the for-
mer may bring the high electrical resistance of the membranes
and the latter did not significantly improve the perm-selectivity
due to the limitation on the inherent properties of mosaic mem-
brane. Some emerging technologies, such as electrospinning [7],
constructing ion channels [8] and introducing porous structure [9-
11] in the membranes, could prepare MCMPs with preferable prop-
erties. However, the complex design and preparation process limit
their further application in industry. At the same time, surface
modification has been proved to be one of the most effective mod-
ification strategies.

Surface modification is adopted to achieve selective transport of
monovalent ions by constructing an ultrathin and selective func-
tional layer (compact, hydrophobic and charged). In this way, only
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Fig. 1. The FT-IR spectra for SPPSU, CQyPS and CQ,4PS. The leftmost and rightmost figures are the enlargement of corresponding center figure.

the surface of the membrane is decorated with a thin functional
layer, which is different from the bulk modification in the mem-
brane matrix. And then high perm-selectivity is obtained due to
the increased compactness of the membrane surface and/or the ad-
dition of an oppositely charged layer, such as polyaniline, polypyr-
role, polyamide, dopamine and chitosan [12-20]. Among them,
polyaniline and polypyrrole as prominent and well-studied con-
ductive polymers, are naturally endowed with unique characteris-
tics like the ease of preparation, environmental sustainability, and
high electrical conductivity. In our previous work [21], polyaniline
was firstly employed as a functional layer on the substrate mem-
brane surface, and then the polyaniline layer was quaternized with
CHsl to prepare a series of MCPMs with varied positive charge den-
sity. The positive charge density on the surface of the modified
membrane aroused with the increase of quaternization degrees,
blocking the multivalent cations transport and maintaining the
passage of monovalent cations. However, the high surface charge
density inhibited ion permeation, resulting in lower ion flux. Fur-
thermore, in order to stabilize inner cavities (ion transport chan-
nel), highly rigid polymer networks must be constructed to pre-
vent the collapse of polymer chains into a nonporous dense state
which results in loss of perm-selectivity [22].

Inspired by the hyper-crosslinked polymers networks [23-25],
we proposed a novel strategy to engneer the three-dimensional
cross-linked functional layer (separation layer) on the surface of
cation exchange membrane (CEM). A series of MCPMs were pre-
pared via quaternization of PPy modification layer with diiodinated
functional molecules. Taking advantage of the cross-linking and
quaternization characteristic of diiodinated functional molecules,
the compactness (formation of crosslinking network) and surface
charge of the functional layer were optimized. Morphological ob-
servations, chemical composition analysis, zeta potential measure-
ments and the other related electrochemical characterizations were
performed to investigate the effects of different quaternization
reagents. More specifically, the electrodialysis experiment with re-
spect to Na+/Mg2* system was conducted to evaluate the monova-
lent cation perm-selectivity of the MCPMs.

In order to construct three-dimensional cross-linked quater-
nized layer, PPy was deposited on CEM (SPPSU, some basic infor-
mation about the substrate membrane are shown in Table S2 (Sup-
porting information)) by in-situ chemical oxidative polymerization,
and then the PPy layer was quaternized by diiodinated functional
molecules (linear molecules with different carbon content) to form
a cross-linked positively charged layer (Fig. S2 in Supporting in-
formation). The compactness and the positively charged exclusion
of the functional layers were utilized to achieve the separation of
monovalent and divalent cations.

The reaction process of the functional layer was similar to in-
terfacial oxidative polymerization [26]. The ethanol solution of pyr-
role was poured into the side of the substrate membrane con-
taining FeCl3 solution (Fig. S2a). When the oxidant (Fe3+) in the
aqueous phase contacted with the pyrrole monomer in the ethanol
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phase at the interface, the pyrrole monomer generated free radical
cation under the catalytic oxidation of Fe3+, and then the polymer-
ization reaction stepwisely occurred between a radical cation and
close pyrrole monomer or oligomer chain [27]. After polymeriza-
tion, the membrane with a PPy layer (Fig. S2b) was immersed in
ethanol solution of linear diiodine with different number of car-
bon atoms and thus quaternization and cross-linking reaction oc-
curred between pyrrole and linear diiodinated molecules to obtain
MCPMs (Fig. S2c). Herein, the hydrophilicity and swelling will be
controlled by the as-fromed charged cross-linking structure, which
will be useful to regulate cationic perm-selectivity and flux.

In order to understand the chemical structure of the functional
layer on the membrane surface, the ATR-FTIR spectroscopic analy-
sis was conducted and the results were shown in Fig. 1. The char-
acteristic absorption peaks of substrate membrane (SPPSU) were
as follows: 1007 cm~! (Ar-O-Ar linkage), 1060 cm~! and 1095
cm~! (symmetric and asymmetric stretching peaks of the sul-
fonate group), 1150 cm~! (-SO, symmetric stretching peak) and
1107 cm~! (para in-plane aromatic C-H bond peak) [21,28]. The
characteristic absorption of amino group (1590 cm~!) and imino
group (1480 cm~!) of PPy can be observed after the formation of
PPy layer by in-situ deposition polymerization [21,29,30]. A posi-
tively charged PPy layer was formed after quaternization reaction.
The -CH,- (2923 cm™!) stretching vibration was observed in the
ATR-FTIR spectrum of CQ4PS, which confirmed the occurrence of
quaternization reaction.

To further investigate the chemical compositions of the mem-
brane functional layer, the elemental composition and content of
CQyPS and CQ4PS were determined by XPS, respectively. Fig. 2a
shows the presence of the expected C, N, O and S elements. C, N
and O elements were the critical elements contained in the quat-
ernized PPy layer, and S was the characteristic element of the sub-
strate membrane. The peaks of CQ,PS at 298.23 eV, 405.61 eV,
545.23 eV and 172.56 eV represented C 1s, N 1s, O 1s, S 2p, respec-
tively. The XPS spectra of N element were analyzed by peak fitting
to determine the states of N element, as shown in Figs. S3a and
b (Supporting information) [31-33]. After computational analysis,
Table S3 (Supporting information) shows the specific contributions
of the N elements to the total N 1s in the three states. Compared
with CQgPS (without quaternization), the N* percentages of CQ4PS
increased from 11.76% to 30.44%. The increasement of N* content
on the membrane surface indicated the successful introduction of
the positive charge on the PPy layer surface after quaternization.
Fig. 2b shows the atomic concentrations and mass concentrations
of C 1s, N 1s and I 3d in CQ4PS. The atomic concentrations of C
1s, N 1s and I 3d are 89.54%, 10.45% and 0.01% respectively. It was
observed that the content of N* is much higher than that of I 3d,
which confirms the formation of cross-linking structure.

The effect of the cross-linking modification on the membrane
surface morphology was investigated by SEM and TEM. Fig. 3
shows the surface and cross-section SEM images of the substrate
membrane and modified membranes (CQuPS and CQ4PS). Different
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Fig. 2. XPS wide scan spectra (a); Atomic concentrations and mass concentrations
of C 1s, N 1s and I 3d of CQ4PS (b).

(a)

Fig. 3. SEM images of the surface of SPPSU (a), CQgPS (c), CQ4PS (e); SEM cross-
section images of SPPSU (b), CQoPS (d), CQ4PS (f).

from the original smooth surface of substrate membrane (Fig. 3a),
granular bumps were formed on the surface of the substrate mem-
brane after in-situ deposition polymerization of pyrrole (Fig. 3c
and Fig. S4b in Supporting information). Subsequently, the gran-
ule size became smaller after cross-linking quaternization modifi-
cation, and the PPy layer was smoother and denser (Fig. 3e and Fig.
S4c in Supporting information). It might be ascribed to the wind-
ing of cross-linking structure, which made the particles shrink and
disperse more evenly. It is difficult to find the obvious interface
from the SEM cross-section images (Figs. 3b, d and f), which in-
dicated the close joint of the membrane and functional layer. Fur-
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thermore, TEM analysis of the modified membrane was carried out.
As shown in Fig. S4a (Supporting information), CQyPS had a thin
PPy layer (around 50 nm). There was excellent contact between
the PPy layer and the substrate membrane, and no signs of delam-
ination were found. This can be attributed to the continuous poly-
merization of pyrrole from outer surface of substrate membrane to
the thin skin layer inside the substrate membrane and the tether-
ing of the cross-linked structure.

For further observation of the surface microstructure of the
modified membranes, AFM was used to detect the surface rough-
ness after quaternization. As shown in Fig. S5 (Supporting informa-
tion), the surface of CQ,PS membranes were covered by tightly ar-
ranged PPy particles, which were consistent with particles distribu-
tion observed by SEM. The roughness of CQ,PS to CQgPS decreased
in turn, with the value of 6.03 nm, 5.60 nm, 5.10 nm and 5.43 nm,
respectively. Meanwhile, the roughness of the cross-linked quat-
ernized sample was significantly reduced relative to that of the
unquaternized sample (CQgPS, R® = 10.39 nm). The results in-
dicated that the cross-linking quaternization modification would
reduce the relative roughness of the membrane surface, and the
increase of the carbon chains of the cross-linker would also re-
duce the relative roughness. This resulted from the cross-linking
effect of diiodinated functional molecules and the transformation
of linear molecular chain into three-dimensional network struc-
ture molecules upon cross-linking, affecting the arrangement order
and regularity of the PPy molecules. As a result, the free interpen-
etration between molecular chains reduced and the arrangement
order and regularity of the molecules were affected. To some de-
gree, the longer carbon chain segments of the introduced diiodi-
nated functional molecules would fill the previously formed val-
leys on the surfaces, smoothing the membrane surface, and thus,
the peak-to-valley difference became smaller and the roughness
reduced [34,35].

The surface charge of ion exchange membrane directly affects
the Donnan repulsion between cations and membrane, and then
may further determine the perm-selectivity of membrane to some
extent. Therefore, the electrokinetic potential of the membrane sur-
face was measured to characterize the surficial electrical charge
properties. It can be seen from Fig. S6a (Supporting information)
that the zeta potential values of CQgPS at three pH states were
—1.03 mV, —0.68 mV and —0.75 mV respectively, which indicated
that the PPy layer (without quaternization) was negatively charged.
While the zeta potential values of the modified membranes all in-
creased after the quaternization reaction, which was attributed to
the increased positive charge density on the surface of the modi-
fied membranes resulted from the formation of quaternary ammo-
nium groups by the quaternization reaction. After treatment with
quaternization reagents with different carbon contents, the zeta
potentials of membranes increased first and then decreased from
CQ,PS to CQgPS, which indicated that the carbon content of quat-
ernization reagents had a large effect on the degree of quaterniza-
tion. When the carbon content was low, there may be no suitable
reaction site due to the limitation of spatial distance, resulting in
low degree of cross-linking and quaternization. However, when the
carbon content was high, it was difficult for diiodinated molecules
to enter the PPy layer, which led to the decrease of the degree of
quaternization reaction.

Water contact angle for the modified membranes was mea-
sured to investigate the change valuation of the hydrophobicity
of the membranes surface. The water contact angle is primarily
controlled by hydrophilic component of the membrane and sur-
face roughness. The roughness of the membranes decreased after
quaternization, while the difference in roughness of the different
quaternized membranes was small according to Fig. S5 (Support-
ing information). Therefore, the contact angle of quaternized mem-
brane was mainly affected by hydrophilicity. As shown in Fig. S6b
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(Supporting information), the water contact angles of CQ,PS are
81.9°, 93.6°, 85.9°, 86.7° and 99.3°, respectively. With the increase
of carbon content of quaternization reagent, the water contact an-
gle first decreased and then increased, which can be attributed to
different degree of ammonium reaction and the grafting of car-
bon chain. With the increase of carbon content, the yield of am-
monium decreased. CQyPS showed hydrophilic characteristic. The
carbon chains introduced by cross-linking quaternization could en-
hance the hydrophobicity of the PPy surface. The contact angle of
CQ,PS surface was very high could be due to more carbon chains
grafting and the tertiary ammonium without charge forming (The
surface charge of CQ,PS increases slightly) [23]. The large contact
angle of CQgPS resulted from the longer grafted carbon chains.

Fig. S7 in Supporting information shows the ion exchange ca-
pacities of the substrate and modified membranes. The IEC of the
substrate membrane and CQ,PS membranes are 1.54 mmol/g, 1.49
mmol/g, 1.30 mmol/g, 1.34 mmol/g, 1.37 mmol/g and 1.33 mmol/g,
respectively. Due to the polymerization of pyrrole on the surface of
SPPSU membrane, the dry weight of the membrane increased and
would result in slightly decreasing IEC of CQqPS. After the quater-
nization reaction, the sulfonic groups and quaternary ammonium
groups in the functional layer were neutralized by electrostatic in-
teraction, which reduced the amount of NaOH used in acid-base
titration. While the introduction of quaternization reagents with
different carbon content increased the Wy, which further de-
creased the IEC of the modified membranes.

C-V curves are a vital tool to characterize the electrochemical
behavior of ion exchange membranes over a wide range of cur-
rents. The C-V curves of ion exchange membranes are usually dis-
play three regions, i.e., ohmic region, plateau region and over limit
region. Fig. S8a (Supporting information) shows the C-V curves
of the substrate membrane and modified membranes, which ex-
hibit distinct three different regions. The limiting current density
of CQ,PS membranes were 68.12 mA/cm2, 57.25 mA/cm?, 6.87
mA/cm?, 63.36 mA/cm?, and 67.61 mA/cm? (Fig. S8b in Supporting
information), respectively. (The limiting current density of CQ4PS
was obtained by analyzing the 15 derivative of the transmembrane
voltage drop vs. the applied current (dE/di) as a function of current
density.) The variation trend of limiting current density was consis-
tent with water contact angle and opposite to zeta potential. This
phenomenon was attributed to the positive charge on the func-
tional layer as well as the dense cross-linked structure that limited
the transport of cations. The limiting current density of CQ4PS was
much smaller than that of other membranes, and the zeta potential
of CQ4PS was also very high, which suggested that the positively
charged functional layer have increased the concentration polar-
ization. Owing to the presence of an additional diffusion barrier
at the interface between the substrate membrane and functional
layer, such polymer composite membranes were characterized by
lower values of the limiting current.

Membrane area resistance is one of the most important pa-
rameters that reflect the performance of ion exchange membrane.
In-situ deposition polymerization and cross-linking quaternization
can change the resistance of the membrane and affect the elec-
trochemical behavior of the membrane. Fig. S8c (Supporting in-
formation) shows the increased resistance value of the modified
membrane compared with the substrate membrane (the increased
resistance value of the SPPSU was 0). The area resistance of sub-
strate membrane was 4.23 Q cm?, and the resistance of the mod-
ified membrane (CQyPS) increased by 0.89 Q cm? after the in-
situ deposition polymerization of pyrrole. The small increase value
could be attributed to the conductive nature of the PPy itself.
However, the resistance of the membrane increased greatly af-
ter cross-linking quaternization reaction, which resulted from the
cross-linking of diiodinated functional molecules. Consequently,
the functional layer became denser and it was difficult for cations
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Fig. 4. The flux (a) and perm-selectivity (b) of substate and modificated membranes
in concentrated chamber after 1 h.

to cross the functional layer. In addition, the increase of quaternary
ammonium groups on the membrane surface also limited the ion
transport due to Donnan exclusion. With the increase of carbon
content of cross-linking agent, the increase value of the membrane
area resistance first increased and then decreased, which was re-
lated to the degree of cross-linking quaternization of PPy layer.
The membranes were characterized in a binary mixture
(Nat/Mg2+) to evaluate the perm-selective separation performance
of substrate membrane and modified membranes using an ED set-
up in terms of perm-selectivity and ion flux. As shown in Fig. 4a,
for SPPSU membrane, the electrostatic attraction of the fixed sul-
fonic group in the membrane to Mg?* was greater than Nat, which
made Mg+ much easier to occupy the adsorption site, and thus
the transport of Na* was inhibited to a certain extent. As a result,
the Mg?+ flux is slightly higher than that of Na*. When the sur-
face of SPPSU was covered with a dense PPy layer, the electrostatic
attraction advantage of sulfonic acid groups to Mgt disappeared.
The sieving effect of dense PPy layer on Na* and Mg2t dominated
the ion flux of the modified membrane due to the difference in
hydrated radius (Table S4 in Supporting information) [36-39]. The
Mg2* transport with larger hydrated ionic radius was hindered by
the dense functional layer at this time, resulting in a drastically re-
duced flux. The transport competition of Mg2* was weakened and
the Na* flux increased. After quaternization, the introduced posi-
tive charges generated greater Donnan exclusion force on divalent
Mg%+ compared with monovalent Na* and the transport hindrance
observed in divalent ions was enhanced. Meanwhile, the flux of
Nat+ and Mg?* increased first and then decreased with the increase
of carbon content of quaternization reagents, which was consis-
tent with the change of hydrophobicity of PPy layer. According to
previous studies, the hydrophilicity of IEMs and the hydration en-
ergy of cations have an important role in the perm-selectivity of
CEMs. The cations with a large Gibbs hydration energy are more
affected by the hydrophobicity of the membrane surface, hence it
is more difficult to cross the functional layer [31,38,40]. Besides,
the positive charge density on the surface of CQ,PS first increased
and then decreased, thus, the Donnan repulsion force of the pos-
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itively charged functional layer on Mg2* ions enhanced first and
then weakened. As a consequence, the perm-selectivity increased
first and then decreased (Fig. 4b). The Na*t/Mg%*perm-selectivity
of the optimal CQ4PS membrane was 2.07. Moreover, as the perm-
selectivity of MCPMs and ion flux from published papers shown in
Table S5, the optimal CQ4PS membrane had a considerable perm-
selectivity and Na* flux.

The transport schematic diagram of Na* and Mg?+ ions across
the membrane is shown in Fig. 5. Na* and Mg2* in the di-
luted chamber form hydrated ions with different hydration lay-
ers due to electrostatic interaction (ion-dipole interaction) with
water molecules. Hydrated Na* and Mg2t migrated to the func-
tional layer (facing the anode) driven by an electric field. When
Nat and Mg2*+ were close to the functional layer, their migration
was blocked due to the Donan exclusion of the positively charged
functional layer. The divalent Mg2* was subject to stronger Don-
nan exclusion because it carried more charges than Nat, i.e., Mg2+
suffered from higher electrostatic barrier and stronger transport
hindrance. Moreover, the cross-linking of the PPy layer endowed
the functional layer with a more compact structure, and the siev-
ing effect began to work when the ions overcome the electrostatic
barrier to reach the gaps of the functional layer. In order to pass
through the functional layer more easily, the ion was partially de-
hydrated to adapt to the pore size. The reported ionic hydrated
radii vary in literatures, thus, which value of the effective ionic hy-
drated radii to choose is very important, and the ionic Stokes radii
are also adopted [41-43]. However, no matter the ionic Stokes radii
or the ionic hydrated radii, there was no doubt that the sizes of
Nat and Mg?* are different (Table S4). Compared with Nat with
smaller radius, narrow functional layer channels showed stronger
hindrance to Mg2+. Taken together, the synergistic effect of Don-
nan exclusion and size sieving finally led to a lower flux of Mg+
than Na*, and the monovalent cation perm-selectivity of CQ,PS
membranes improved.

When the Nat and Mg2+ broke through the Donnan exclusion
of the functional layer and the hindrance of the narrow pore chan-
nel, they reached the interface between the functional layer and
the substrate membrane, and then entered the SPPSU membrane
via water channels. The substrate membrane was composed of hy-
drophobic polyphenyl sulfone backbone and sulfonic acid groups
on the backbone. Hydrophilic sulfonic acid groups formed clusters
by self-organization, and absorbed water from the environment. As
a result, there was an extended network of pores and channels
filled with water in the membrane, and fixed sulfonic acid groups
were localized on the pore walls. Due to the electrostatic interac-
tion, most of the cations are located in a thin Debye layer near
the pore walls. The high field strength in the Debye layer leads to
the anion displacement from it, and this layer performs predomi-
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nantly selective cationic transport [44,45]. Once some of the Mg2+
entered the membrane matrix, stronger binding of divalent Mg%*
with sulfonic groups decreased the available sites for Na* transport
[37]. However, due to the block of the functional layer, the entry of
magnesium ions was limited, so the competition of transport sites
did not play a dominant role in perm-selectivity. Na* and Mg2*
gradually migrated from the inner membrane to the outer mem-
brane and reached the concentrated chamber via the interaction
with sulfonic groups on the water channel wall.

Fig. S9 (Supporting information) shows the perm-selectivity of
CQ,4PS membrane for Na* and Mg2* ions varied with the testing
time. It was observed that the perm-selectivity fluctuated slightly
around 2, indicating that no detachment happened during the
tests. Probably, the formation of three-dimensional cross-linked
structure can well consolidate the PPy layer, which contributed
greatly to the stable MCPM at a fixed current density. Therefore,
the excellent stability of CQ4PS implied the potential for long-term
electrodialysis process.

In this work, the novel monovalent cation perm-selective mem-
branes were prepared via in-situ deposition polymerization of pyr-
role on the surface of SPPSU substrate membrane followed by
cross-linking quaternization of the PPy layer with diiodinated func-
tional molecules. The successful preparation of MCPMs was veri-
fied by FTIR, XPS and SEM. The charge density and compactness of
the functional layer were enhanced by the cross-linking and quat-
ernization properties of diiodinated functional molecules. The re-
sults showed that the membrane prepared using 1,4-diiodobutane
had higher charge density and lower hydrophobicity. The increased
charge density of the membrane surface and the dense cross-
linked structure work together, so that the limiting current den-
sity of the membrane decreased and the resistance increased. The
Donnan exclusion and size sieving of the functional layer had a
great adverse effect on the transport of Mg+, which resulted in
the flux of Nat of the optimal CQ4PS membrane is 2.80 x 10~8
mol cm~2 s~1, and the perm-selectivity (Nat/Mg2+) of the CQ4PS
membrane is 2.07. The cross-linking modification strategy in this
work is simple and feasible. It is expected to prepare MCPMs with
higher selectivity and long-term stability via further study on the
cross-linking structure.
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