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Preface to ”Ion and Molecule Transport in Membrane

Systems”

Membranes play an enormous role in our life. A biological cell membrane is an en-closing

film that acts as a selective barrier, within or around the cell. Cell membranes control the fluxes

of substances in and out of cells. Artificial membranes are widely used for the treatment of water

and food solutions (milk, juices, wine, . . . ), fractionation of organic acids, bioactive compounds and

nutrients, energy production and other applications. Artificial membranes largely mimic the structure

and functions of biological membranes. Like cell membranes, many kinds of artificial membranes

involve macromolecules consisting of a relatively long hydrophobic polymer chain and a hydrophilic

“head” at its end. Such elements allow multiple types of interactions (hydrophobic-hydrophobic,

dipole-dipole, ion-dipole, ion-ion) between them and water, which provides self-assembly resulting

in formation of permselective thin films. The similarity in the structure leads to the similarity in

the properties and the approaches to study the laws governing the behavior of both biological and

artificial membranes. It is of interest that Kedem and Katchalsky deduced their famous equations

for the description of transport processes in biological membranes [1,2]. Now, these equations are

largely used for all types of membranes, in particular, for modelling ion and water transport in a

promising technological process named Pressure Retarded Osmosis (PRO), which is employed for

energy harvesting from salinity variations [3].

The idea of this special issue is to recollect the papers describing physico-chemical and

chemico-physical aspects of ion and molecule transport, which are common for both biological and

artificial membrane systems. The scope of the issue involves: Experimental studies and mathematical

modeling providing new knowledge on the mechanisms of ion and molecule transport in artificial

and living systems; Similarities in behavior of biological and artificial membranes; Biomimetic

structural features of artificial membranes and their impact on membrane properties and performance

for separation processes; Generalities and case studies in the field of material structure–properties

relationships; Thermodynamics and irreversible thermodynamics description; Equilibriums and

kinetics of transport processes in membrane systems; Coupling of ion and molecule transport with

chemical reactions and catalysis; Impact of forced and natural convection on ion and molecule

transport; Mechanisms of electric current-induced convection and its impact on ion and molecule

transport across membranes; Concentration polarization and coupled effects occurring in membrane

systems under the action of external pressure and electric driving forces; The physico-chemical and

chemico-physical aspects of all kinds of separation, purification, and fractionation in membrane

systems. In all cases, analysis of phenomena at the molecular level is encouraged.

Within this issue, there are papers devoted to studying thin mechanisms of ionic and molecular

transport in cell membranes [4–6] as well as in artificial ones, which mimic biological membranes

[7,8]. Y. Trofimov et al. reported the results of molecular dynamics simulations of water confined

in the pore of a cell membrane, taking into account that microscopic properties of water near

the molecular surface are radically different from those in the bulk [4]. K. Yue et al. [6]

applied molecular dynamics to simulate the interactions of inhaled pollutant nanoparticles with the

pulmonary surfactant monolayer. The review by M. Tingey et al. [5] evaluates the current tools

and methodologies available to study the role of transmembrane proteins in some kinds of cell

membranes. The team of Y. Zhang [7] described the mechanism of selective separation of volatile

fatty acids (VFAs) using polymer inclusion membranes (PIMs) containing ionic liquids as the carrier.
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This process mimics the selective transport of some compounds (such as phenols, amino acids) by

facilitated diffusion through cell membranes. W. Tien et al. [8] described the effects of cholesterol on

water permittivity of biomimetic ion pair amphiphile bilayers, which are used to fabricate vesicles

with various pharmaceutical applications.

The problems of preparation and properties of artificial membranes are considered in [9–13].

S.B. Aziz et al. [9] developed polymer blend electrolyte membranes based on chitosan, a biopolymer.

It is shown that new membranes have a high performance in electrical double-layer capacitor

applications, such as water desalination. The use of the Truhan model allowed detailed analysis

of ion transport parameters of the chitosan-based polymer membrane [10]. B. Jaleh et al. [11]

use deposition of TiO2 nanoparticles to improve the wettability of the O2 plasma activated

polypropylene membrane. A new hydroxide exchange membrane was synthesized by A. Abbasi

et al. [12]. Low zincate crossover and high discharge capacity of this kind of membranes make them

promising to be used in zinc–air batteries, which represent an alternative to lithium–ion batteries

for various applications. Novel anion-exchange membranes combining the advantages of densely

functionalization architecture and crosslinking structure were fabricated by Q. Ge et al. [13]. A

high ratio of hydroxide conductivity to water swelling suggests that these membranes have high

potential for application in fuel cells. The analysis of some membrane properties affecting their

overall performances is made in Refs. [14,15]. F. Luo et al. [14] examined trans-membrane potential

across ion exchange membranes in order to evaluate their possible power efficiency, when applied

in a “reverse electrodialysis heat engine”. The impact of different ion compositions of a salt solution

containing NaHCO3, Na2CO3, and NH4Cl electrolytes was examined. The performance of another

membrane process, important in the recovery of fertilizers from wastewaters was studied by O.

Rybalkina et al. [15]. Phosphorus transport through anion-exchange membranes in the course of

electrodialysis of NaH2PO4 solution was investigated. It was shown that when H2PO4—ions enter

the membrane, a part of these anions dissociates, hence parasitic transport of H+ ions occurs in the

depleted solution, which essentially reduces the current efficiency of the process.

The analysis of interesting and diverse applications of artificial membranes is reported in Refs.

[16-19]. An ionic-liquid-driven supported liquid membrane system was applied by J. Li et al. [16]

for preparing a special kind of phosphors, which were characterized by good luminescent properties.

The team of L. Bazinet for the first time realized simultaneous separation of peptides from salmon

protein hydrolysate by three ultrafiltration membranes stacked in an electrodialysis system [17]. A

thorough study of this green and ultra-selective process is presented. Another application concerning

processing whey was investigated in references [18, 19]. G. Dufton et al. [18] used a special mode of

electrodialysis where Pulsed Electric Fields (PEFs) are applied. It was found that the PEF mode,

in which current pulses alternated with pauses of zero current, can increase the degree of both

demineralization and deacidification of the whey, as well as reduce membrane scaling. Another kind

of electric current pulses, called Pulsed Electrodialysis Reversal (PER), was applied by A. Merkel

and A. Ashrafi [19] for demineralization of acid whey. They alternated relatively long direct current

pulses with short reverse-polarity pulses to decrease the fouling onto membrane surface during ED.

It was found that the fouling on the diluate side of both cation and anion exchange membranes in

PER regime was reduced compared to the conventional ED.

The issues connected with the hydrodynamic conditions of mass transfer in membrane systems

are considered in references [18–20]. G. Battaglia et al. [18] studied the effect of a trans-membrane

pressure (TMP), which may arise in membrane stacks for electrodialysis (water desalination) or
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reverse electrodialysis (energy production by salinity gradient), on solution flow and mass transfer.

A cognitive and helpful review of the effect of profiling ion-exchange membranes on the properties

of electrodialysis was presented by S. Pawlowski, J. Crespo and S. Velizarov [19]. They were very

convincing when showing that there is exciting potential for improving membrane performance

due to the enormous degree of freedom in creating new profile geometries on a membrane surface.

Some problems of electrokinetic instability of solution adjacent to an ion-exchange membrane

are considered by Magnico [20]. The electrokinetic behavior of cation-exchange resin particles

arranged in a well-defined geometrical structure has been studied by the team of Z. Slouka [21]. The

understanding of this effect of coupling between water and ion transport is of utmost importance for

improving the performance of electro-driven membrane separation processes.
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Abstract: Solvation effects play a key role in chemical and biological processes. The microscopic
properties of water near molecular surfaces are radically different from those in the bulk. Furthermore,
the behavior of water in confined volumes of a nanometer scale, including transmembrane pores of
ion channels, is especially nontrivial. Knowledge at the molecular level of structural and dynamic
parameters of water in such systems is necessary to understand the mechanisms of ion channels
functioning. In this work, the results of molecular dynamics (MD) simulations of water in the pore
and selectivity filter domains of TRPV1 (Transient Receptor Potential Vanilloid type 1) membrane
channel are considered. These domains represent nanoscale volumes with strongly amphiphilic
walls, where physical behavior of water radically differs from that of free hydration (e.g., at protein
interfaces) or in the bulk. Inside the pore and filter domains, water reveals a very heterogeneous
spatial distribution and unusual dynamics: It forms compact areas localized near polar groups of
particular residues. Residence time of water molecules in such areas is at least 1.5 to 3 times larger
than that observed for similar groups at the protein surface. Presumably, these water “blobs” play
an important role in the functional activity of TRPV1. In particular, they take part in hydration of
the hydrophobic TRPV1 pore by localizing up to six waters near the so-called “lower gate” of the
channel and reducing by this way the free energy barrier for ion and water transport. Although
the channel is formed by four identical protein subunits, which are symmetrically packed in the
initial experimental 3D structure, in the course of MD simulations, hydration of the same amino acid
residues of individual subunits may differ significantly. This greatly affects the microscopic picture of
the distribution of water in the channel and, potentially, the mechanism of its functioning. Therefore,
reconstruction of the full picture of TRPV1 channel solvation requires thorough atomistic simulations
and analysis. It is important that the naturally occurring porous volumes, like ion-conducting protein
domains, reveal much more sophisticated and fine-tuned regulation of solvation than, e.g., artificially
designed carbon nanotubes.

Keywords: anomalous water diffusion; computer simulations; ion channel gating; molecular
dynamics; nano-size water pore; physico-chemical properties of confined water; protein-water
interactions; TRPV1 channel permeability for water; water dynamics; water H-bonding

1. Introduction

The behavior of water near molecular surfaces is known to be critically important in chemistry
and biology [1,2]. Thus, in a protein hydration shell, it presumably plays a sufficient role in many
biophysical processes and defines pivotal protein properties, like protein folding (water expulsion from
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a hydrophobic core mediates the rate of the late stage folding [1]); ligand binding (water molecules can
affect the selectivity of a binding site [2]); protein aggregation (accelerated water dynamics speeds
up the growth of aggregates by facilitating the binding of new peptide monomers [3]); thermal
stability (strong protein–water interactions prevent unfolding of thermophilic proteins [4]), and so on.
Nontrivial dynamics of water was also reported on the water/membrane interface and inside lipid
bilayers [5]. These effects were associated with the functioning of cell membranes, for example, with
their permeation for water and other substances, adsorption of proteins, protein–protein interactions
in membranes, etc.

Experimental studies and atomistic simulations showed that water molecules in a solute hydration
shell (e.g., proteins, membranes) have retarded dynamics compared to the bulk water by a factor ≈2 to
6 [6]. Such a slowdown can be explained by the extended molecular jump mechanism. It describes
dynamics of water molecules as fast large-amplitude rotational jumps occurring due to the exchange
of hydrogen bonded (hb) partners, and a relatively slow diffusion process occurring between the
jumps [7]. The typical time constant of molecular rotational motions and hb lifetimes is about 2
ps [8] for bulk water. In the jump model, two factors affect water dynamics in solute hydration shell.
The first one is the excluded volume effect that is caused by reducing the number of probable hb
partners for water molecules due to the water–solute interface topology. The typical slowdown factor
of water in this case is less than two at the local convex solute sites and exceeds two at the concave
sites [9]. The second factor is water–solute hb interactions. This can change the rotational dynamics
of water depending on the type (hb donor or acceptor) and strength of these bonds in comparison
with the water–water hb [10]. The largest deceleration effect is induced by strong hb acceptors, such as
carboxylates, whose slowdown factor also exceeds two.

Both factors have a strong influence on the dynamics of water confined in artificial and natural
nanoscale channels, where the aforementioned “water braking” is much more pronounced. Thus, at the
wall of a relatively broad (ø 24 Å) hydrophilic silica channel, water rotational dynamics are lengthened by
roughly two orders of magnitude compared with the bulk phase [11]. These dynamics assume a broad
distribution of rate constants that arises from the spatial heterogeneity of the channel surface [12]. While
in the internal core region of the channel, nearly bulk-like homogenous dynamics are observed.

In narrow channels (e.g., carbon nanotubes), water molecules are often arranged in a single file
and move as a unit due to strong hb interactions with each other. Water rotational dynamics in such
channels are slowed down to the order of several nanoseconds [13]. For porous microstructures, like
perturbed channels [14] and water permeable membranes [15], the interaction between the channel wall
and water strongly effects the water hb–network (and water dynamics) due to the confinement and affinity
of channels or membrane polar groups. Water permeability through such structures critically depends on
their molecular design. For example, water transfer resistance of aromatic polyamide membranes can be
reduced by enhancing the interfacial hydrophilicity and the interior hydrophobicity of their structures [15].

Besides the above said artificial chemically synthetized nano objects, it is very important to
understand the detailed water behavior in the naturally occurring ones—e.g., in transmembrane (TM)
protein ion channels. For the latter, spatial arrangement of hydrophobic/hydrophilic properties of
the pores is often critical for their functionality. Thus, hydrophilic residues in the pore of aquaporins
(a family of proteins, which provide rapid and highly selective conduction of water and other small
molecules across the cellular membrane) lower the energy barrier for water permeation by offering
replacement interactions to water molecules in order to compensate the loss of water–water hydrogen
bonds [16]. An opposite example of this hydrophobic influence on the channel’s activity is the so-called
hydrophobic gating. In this case, a hydrophobic constriction in a channel pore mediates an energetic
barrier to water and ion permeation by means of partial hydration/dehydration of the pore [17,18].

In this work, the effects of the biological pore on water dynamics were studied using the results of
molecular dynamics (MD) simulations of water in confined conditions of the pore and filter domains
of the TRPV1 ion channel. Vanilloid receptor TRPV1 (Transient Receptor Potential Vanilloid type 1)
is a non-selective cation channel that accomplishes transport of ions and water molecules through a
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cellular membrane in response to capsaicin, temperatures above 42 ◦C, and other physico-chemical
stimuli [19]. TRPV1 is preferentially expressed in neurons of the peripheral neuron system responsible
for sensation to heat, hot spice, pain, itch, and so on [19,20].

TRPV1 is composed of four identical subunits, which form a pathway for ions and water molecules
in a lipid bilayer [21–23]. This pathway has two “bottlenecks”: The so-called upper gate that is formed
by a selectivity filter created by short unstructured segments at the extracellular side of the channel
and the lower gate located in the bundle composed of four crossing TM helices S6 disposed closer to
the cytoplasmic side. The narrowest place of the upper gate is formed by carbonyl oxygen atoms of the
residue Glu643 (the distance between the atoms of diagonally located subunits is 7.6 Å in the open
state [22]). The lower gate bottleneck is formed by side chains of Ile679 (7.6 Å in the open state [22]).

The cavity between the gates (the pore) has mostly hydrophobic walls [24]. However, few polar
groups here are exposed to solvent: Backbone carbonyls of some residues, hydroxyl group of Thr671, and
polar groups of Asn676. Such an organization of the TRPV1 pore represents a rather unusual natural nano
object—strongly amphiphilic confined volume with presumably flexible walls formed by four TRPV1
subunits stabilized by the membrane environment. It is reasonable to assume that the dynamic behavior
of water may drastically differ from that in bulk water as well as on the protein or membrane interfaces.

2. Results

To investigate the dynamics of confined water in TRPV1, the most spatially limited protein
domains were chosen: The pore segments of helices S6 between the upper and lower gates and the
selectivity filter (residues 670–680 and 642–646, respectively, Figure 1). For comparison, three additional
domains were considered: Pore vestibule, the less confined volume, which is formed by the segments
of helices S6 under the lower gate (residues 681–692); TRP helix lying on the cytoplasmic side of
the membrane and strongly exposed to the bulk water (residues 693–711); loops in the extracellular
entrance of the channel—they represent protein regions, which are mostly exposed to bulk water in
TRPV1 (residues 604–625).

Figure 1. Ribbon representation of TM segments of TRPV1 embedded into hydrated lipid bilayer (three
protein subunits are shown). The protein domains considered in the analysis of water dynamics are
colored: green—extracellular loops (residues 604–625), blue—pore segment of the helices S6 (residues
670–680), and selectivity filter (residues 642–646), dark blue—vestibule segment of the helices S6
(residues 681–692), purple—TRP helices (residues 693–711), gray—other protein parts. Asparagine
residues of TRPV1 further mentioned in the text are marked by black circles. Yellow—lipid bilayer, red
and white dots—water molecules. Dashed arrows mark the levels of the upper and the lower gates.
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2.1. Translational Dynamics of Water along the Pore Axis

Figure 2 shows the pore radius (R), water linear density (�ln) for all water molecules (red curve)
and for molecules bound to protein polar groups via hb (green curve), and translational dynamics
coefficient (D, see Materials and Methods). All these profiles were calculated in a cylinder (ø30 × 100 Å)
oriented along the pore axis. The profiles were averaged over four MD trajectories. Minima of the
curves, R(z) and �ln(z), in the regions of z = −5 . . . 0 Å and 10 . . . 15 Å correspond to the narrowest
zones of the pore: The lower and upper gates. It can be seen that water in the confined protein domains
has about 1.5 to 3 times slower translational dynamics in comparison with the bulk (z < –30 Å and
z > 50 Å). Above and below the gates, the mobility of water molecules increases as the channel expands.
The maximum of D in the pore domain (about 0.4 Å2/ps at z = 3 . . . 5 Å) corresponds to the maximum
of the pore radius (R = 3.5 . . . 4.5 Å). In this region, there is a large cavity located between the gates,
where about a half of the water molecules do not form hb with the protein. Furthermore, the maximum
of D(z) is probably related to the formation of a bulk-like phase similar to the core water in silica
nanotube in [11]. An opposite scenario can be seen in the range of z = 15 . . . 30 Å. Very slow water
dynamics (D ≈ 0.2 Å2/ps) take place in spite of a relatively large pore radius and water density. Such a
slowdown is caused by the unstructured protein regions, which evenly fill about half of the volume
in this region and intense water–protein hb interactions (about 75% of water molecules are bound
to protein).

Figure 2. Pore radius (R), linear density (ρln), and translational dynamics coefficient of water (D) along
the pore axis (z). Linear density of all water molecules and waters bound to protein polar groups via hb
are shown with red and green, respectively. Thick and thin curves display average values (calculated
over four MD trajectories) and standard deviations, respectively. Hatched areas indicate vestibule,
pore, and filter domains of the protein. TRP helix and loop domains are out of the boundaries of the
volume under consideration (cylinder with the radius of 15 Å). Dashed arrows mark the location of the
upper and the lower gates.
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2.2. Spatial Distribution of Water in the Pore

Water distribution around particular protein groups (atoms) can be investigated with the radial
distribution function (g(r)) [25]. This function for water oxygen atoms calculated around polar (and
charged) and nonpolar groups of the pore and filter domains is shown in Figure 3. For analysis, the
groups with coordination number ≥ 0.2 were chosen. It can be seen that around polar groups there is a
pronounced peak within the radius of 3.5 Å. Because nonpolar groups reveal a broader peak shifted
by 1 Å from the center, they form a low density region in their 3.5-Å neighborhood. The difference
between the water radial distribution around polar and nonpolar groups can be explained by the
water–protein hb interactions, which preferably retain water molecules near the polar groups.

Figure 3. Radial distribution functions of water oxygens around polar and nonpolar groups of the pore
and filter domains. The most hydrated groups of Gly643, Met644, Gly645, Asp646 (filter) and Tyr671,
Asn676, Ile679, Ala680 (pore) were taken for calculation. r = 0 corresponds to the position of the central
atom of a group (oxygen or nitrogen for polar groups and carbon for nonpolar groups). Dashed vertical
line shows the radius of 3.5 Å around the protein groups.

This water molecules’ localization can be seen in Figure 4, which shows the averaged spatial
density distribution of water, protein, and water–protein hb. Isosurfaces corresponding to densities
of (�) 0.03 (semitransparent green) and 0.1 mol/Å3 (opaque dark green) are indicated. The former
corresponds roughly to the bulk water density. The second shows the areas of anomalously high water
density (water localization areas). High-density areas are preferably disposed near the protein polar
groups, which manifest themselves via water–protein hb interactions (pink areas in Figure 4).
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Figure 4. Spatial density distribution of protein atoms, water molecules, and protein–water hb in the
cylinder (ø30 × 50 Å) along the pore axis averaged over one of the trajectories. Gray—isosurface of
protein density ρ = 0.1 atom/Å3 (part of the protein is removed for clarity), dark green—water with
� = 0.1 mol/Å3, green semi-transparent—water with density similar to the bulk water ρ = 0.03 mol/Å3,
pink—water-protein hb with ρ = 0.1 bound/Å3. Boundaries of the vestibule, pore, and filter domains
are shown on the right. Dashed arrows mark the levels of the upper and the lower gates.

A very heterogeneous water spatial distribution with a high abundance of water localization
areas can be seen in the pore and filter domains, while in the less confined vestibule there is a more
homogeneous water distribution. This picture corresponds to the linear density of water along the pore
axis in Figure 2, where about 70% of the 60 water molecules in the pore and filter domains are bound
to protein polar groups, while in the vestibule domain, only 50% of the 96 waters are bound. Moreover,
the contribution of bonded molecules decreases to 36% in the bottom part of the vestibule (z = –20 Å).

2.3. Water Residence Time in the Hydration Shells of Polar and Nonpolar Protein Groups

The distributions of water residence time (τres, see Materials and Methods) were obtained
separately for polar and nonpolar groups of different protein domains (Figure 5a). Nonpolar groups of
the loop, vestibule, and TRP domains showed similar distributions with a narrow peak in the range of
short residence times (1–5 ps), which indicates fast water dynamics, and a long tail of larger residence
times that corresponds to slowed down dynamics. Polar groups of the same domains do not have the
peak of fast dynamics, while the tail decreases slowly compared to that observed for nonpolar groups.
Since the pore and filter domains possess a smaller number of hydrated groups, their distributions
were merged. In this case, the fast dynamics peak in the distribution for nonpolar groups is less
pronounced and extends to 8 ps. In the case of polar groups, the distribution demonstrates slower
water dynamics; its left edge is shifted relative to the less confined domains by 5 to 8 ps to the larger
residence times’ direction.

In Figure 5b, the same τres distributions are shown in a box chart representation. The boxes report
interquartile ranges of the τres distributions, with the line and number in each box showing the median
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τres. For the loop, vestibule, and TRP domains, water molecules show a 3 to 4 times longer residence
time near polar groups compared with nonpolar groups (median τres 16–28 ps and 5–7 ps, respectively).
For the pore and filter domains, the similar ratio of τres occurs (12 and 42 ps, respectively). Furthermore,
water residence times in these domains are 1.5 to 3 times longer than in other domains.

(a) (b) 

Figure 5. The distributions of the water residence time in hydration shells of polar and nonpolar
groups of different TRPV1 domains in a histogram (a) and box chart (b) representation. Red—polar
(and charged) groups, gray—nonpolar groups. Boxes represent interquartile ranges of the corresponding
histograms; line and number in each box is the median τres of the corresponding histogram.

Another way to compare the dynamics of confined water in a protein hydration shell is to
calculate the water residence time for the same protein group located in different protein regions. The
carbonyl oxygen atom of the asparagine residue side chain (OD1 group) was chosen for this purpose.
Figure 6 shows water survival time correlation functions and τres calculated for the OD1 group of
the next residues: Asn604 and Asn605 of the loop domain, Asn676 located in the pore, Asn687 in the
vestibule, and Asn695 at the TRP helix (see Figure 1). Asn-OD1 groups of the loop, vestibule, and TRP
domains reveal similar values of correlation function parameters: Coordination number (Nα (t = 0),
see Materials and Methods) in the range of 2.0 to 2.6 and τres in the range of 11 to 16 ps. Asn676 located
in the confined volume of the pore shows less hydration Nα(t = 0) = 1.6 and slower water dynamics
τres = 58 ps in spite of the same solvent exposure of its polar OD1 group.
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Figure 6. Water survival time correlation functions calculated for the carbonyl oxygen atom of the side
chain of asparagine residues (OD1 group) located in different protein regions. The correlation functions
were averaged over four identical protein subunits and over four MD trajectories. Corresponding
values of τres are shown near the curves.

Averaging over the protein subunits and MD trajectories broadly used in this study is a convenient
instrument for the comparison of large protein domains. However, a great variety of properties for
the same protein sites or groups should be noted. Figure 7 shows the water survival time correlation
functions calculated separately for the Asn676-OD1 group of four protein subunits and four MD
trajectories. Despite the fact that they are the same groups of identical subunits, the parameters of
water dynamics near the groups vary considerably: τres from 16 to 128 ps, coordination number from
1.1 to 2.2. Moreover, the atoms of Asn676-OD1 are fully dehydrated in two cases.

Figure 7. Water survival time correlation functions calculated separately for the Asn676-OD1 group
of four protein subunits and four MD trajectories (black curves). Red curve is the average of the
black curves.
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The observed variety of the water dynamics is the consequence of two facts that we believe are not
the artifacts of MD simulation but represent the natural property of the protein under study. The first
one is the asymmetrical structure of TRPV1 that arises from the initial symmetric experimental model
due to the flexibility of large protein domains in the course of MD simulations [24]. This is reflected in
the asymmetrical spatial distribution of water in the channel (Figure 4). The second one is the flexibility
of the side chains of individual residues. These two factors are responsible for heterogeneity of the
microenvironment of particular protein groups and affect the water dynamics in their hydration shells.

3. Discussion and Conclusions

In this work, we employed MD simulations to study the atomistic resolution dynamics of water
molecules confined in the transmembrane ion/water conducting pathway of the temperature sensor
protein—TRPV1—channel. The main objective was to explore in detail the behavior of water in a
rather unusual nano volume with varying geometry and complex distribution of physico-chemical
properties of the internal walls of the pore. Firstly, the solvent-accessible space represents a bottle-like
reservoir with two, instead of just one, bottlenecks, linked at the extremities to funnels—vestibules
of the channel. The radius of the channel pathway changes from less than one to 4 to 7 Å along the
membrane normal (Figure 2). Secondly, the walls of the inner channel are highly hydrophobic in the
central part and contain a number of polar protein groups exposed to the pore to varying degrees [24].
Finally, the unique nature of the pore domain is also determined by asymmetrical disposition of the
TRPV1 subunits and the highly dynamic character of particular protein polar and nonpolar groups
lining the pore. Altogether, this makes the pore in TRPV1 a very interesting object to study the confined
water inside—this naturally-occurring system drastically differs from the chemically synthesized
artificial porous nano objects, like carbon nanotubes (CNTs), nano slits, and so on.

As expected, the water in the channel showed a noticeable slowdown, which is caused by the
limited space (and, therefore, excluded volume effect) and the presence of protein groups capturing
waters via hb interactions. Although these effects are commonly observed in any limited nano reservoir,
the picture presented here for TRPV1 has some intriguing specific features. Thus, the water “braking”
near polar groups of the confined protein domains, like the pore and selectivity filter of TRPV1, leads
to an interesting effect of water localization at the particular sites of the protein (Figure 4). These areas
(or zones with anomalously high water density) preferably occupy the protein regions, where most of
the waters (about 70%) are bound to the protein polar groups. Apparently, such “water blobs” play an
important role in the functional activity of TRPV1. In particular, Asn676-OD1 polar groups of four
protein subunits may take part in the hydration of the hydrophobic TRPV1 pore by capturing up to six
waters near the lower gate of the channel. This, in turn, reduces the free energy barrier for ion and
water transport [26].

The effect of water slowdown near the confined protein domains (pore and filter) is evident from
the analysis of residence time (τres) distributions obtained for all polar and nonpolar groups (Figure 5).
In these domains, the τres values for water are 1.5 to 3 times larger in comparison with other protein
regions. Meanwhile, the influence of water–protein hb interactions on water dynamics can be seen in
Figure 5b: The residence time of water near polar groups is 3 to 4 times longer compared to nonpolar
groups for all considered protein regions.

It is interesting to note that the τres distributions for nonpolar groups of the loop, vestibule, and
TRP domains look similar to those obtained by Sterpone et al. [27] for water reorientation dynamics
within a lysozyme hydration shell. Both sets of distributions reveal a narrow peak that corresponds
to relatively fast water dynamics, and a long tail of slow water (Figure 5a). The authors explain the
peak by the contribution of water molecules located near hydrophobic and hb donor protein groups,
while the tail corresponds to water located near the groups that are confined in pockets and clefts on
the protein surface. Most of the latter are hb acceptor groups. Such an assumption agrees with our
observation that the tails of the distributions of τres for polar groups decrease more slowly than for
nonpolar groups (Figure 5a). In other words, the slowest water molecules are mainly localized near
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polar than near nonpolar groups. However, earlier, we showed that waters usually form stronger
H-bonds as acceptors than proton donors [28]. So, we suggest, that the slowest water can be a donor or
acceptor of hb depending on the type of a particular protein group.

MD simulations also show that the water dynamics in the hydration shell of a particular protein
polar group critically depend on the group location (i.e., on its microenvironment). For the polar group
OD1 of Asn676 that is confined in the TRPV1 pore, the water τres value is 3 to 5 times larger than
that for the same groups in other Asn residues located in less-confined conditions of the extracellular
loop, protein surface (TRP helix), and pore vestibule (Figures 1 and 6). This is caused by thte slowed
down dynamics of water molecules near the spatially restrained groups. Since the solvation properties
(e.g., expressed in terms of the water-accessible surface, etc.) are very similar for the considered groups,
the observed changes in water dynamics can only be explained by the excluded volume effect, which
has a much greater impact in confined conditions [27].

The presented dynamic picture of water enclosed in the nano-scale TM pore domain of the ion
channel TRPV1 radically differs from those observed earlier in artificial nano objects (see, e.g., [11,13,29]
and references therein). Thus, in the latter cases, confined water forms either single-file ordered
chains in narrow CNTs and small reverse micelles, various n-gonal ice nanotubes in wider CNTs, or
two-dimensional clusters in slit-pore spaces. None of these phenomena were found in the biomolecular
system under study. Such unique properties of water in nano spaces formed by membrane proteins
(ion channels, receptors, and others) can be explained by the rather flexible walls of the pores and
their finely tuned amphiphilic surface “portraits”. In the first case, even a slight instant asymmetry in
the packing of protein subunits (including thermal fluctuations of non-covalently bound chains) can
lead to serious changes of the geometry of the water “nano pool”. Furthermore, fast conformational
dynamics of multiple polar/nonpolar protein groups inside the pore induces a prominent effect on
the spatial distribution of the high-density water sites—the example of the residue Asn676 clearly
demonstrates this. It should be noted that even such a complex picture is too simplified, since cations
(Ca2+, Na+, K+), which are the key players in channel functioning, were not considered here. Their
appearance will certainly affect the dynamics of water in the pore domain of TRPV1, but this topic is
beyond the scope of the present work.

4. Materials and Methods

4.1. System and Molecular Dynamics Protocol

The studied system was taken from our previous work [24]. It consisted of the TM-segment
of TRPV1 (residues 427–719) in the open state (PDB structure 3J5Q22) embedded into a
fully hydrated lipid bilayer with a composition similar to the neuronal membrane: 50% of
palmitoyloleoylphosphatidylcholine (POPC), 25% of palmitoyloleoylphosphatidylethanolamine
(POPE), and 25% of cholesterol molecules (Figure 1). Chloride ions were added to the system
for restoring electroneutrality.

Molecular dynamics (MD) simulations were performed using the GROMACS 2018.5 package [30],
Amber99sd-ildn force field [31], and TIP3P water model [32]. Simulations were carried out with
an integration time of 2 fs, imposed 3D periodic boundary conditions, and constant temperature
(310 K) and pressure (1 bar). For electrostatic interactions, the particle-mesh Ewald summation was
used (real space cutoff 10 Å and 1.2 Å grid with fourth-order spline interpolation). A twin-range
(10/12 Å) spherical cutoff function was employed to treat van der Waals interactions. Four starting
configurations of the system were taken from one of the 500-ns MD trajectories calculated earlier [24].
These configurations were heated to 310 K during the 400-ps MD run with fixed positions of the protein
heavy atoms. Then, four unrestrained MD simulations were carried out with a length of 2 ns and the
time step between the stored states of 0.25 ps.
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4.2. MD Data Analysis

Translational dynamics of water molecules along the pore axis (z) were characterized by the
coefficient, D, that was named the translational dynamics coefficient and calculated as:

D(z) =
1

6T

T∑
t=0

1
Nw(z, t)

Nw(z,t)∑
i=0

ΔR2
i (z, t) (1)

where T is the trajectory length (2 ns); Nw(z,t) is the number of water molecules in a layer from z to z +
dz at a moment t (dz = 0.25 Å); ΔRi

2(z,t) is the square displacement over time of 1 ps of the molecules,
which are located from z to z + dz at a moment t. Parameter D for bulk water numerically equals its
diffusion coefficient (about 0.65 Å2/ps for TIP3P water at 310 K) and, at the same time, it shows the
local heterogeneity of water dynamics along the pore.

Channel radius along the pore axis (R) was calculated as:

R(z) =
√
< V(z) >/πdz (2)

where <V(z)> is the MD-averaged solvent-accessible volume of a layer from z to z + dz (dz = 0.25 Å).
That is, the volume, where the center of a sphere with a radius of 1.4 Å can be placed without
overlapping with the protein surface.

To compare the water dynamics near polar and nonpolar groups in the protein domains with
various confinement conditions, the residence time of water molecules in the hydration shells of protein
groups (τres) was calculated. For this, a survival time correlation function was used [25]:

Nα(t) =
1
T

Nw∑
j=1

T∑
t′=0

pα, j(t′, t′ + t; t0) (3)

Here, T is the trajectory length (2 ns). Nw is the total number of water molecules in the system. pα,j(t’,
t’ + t; t0) is the binary function, which equals 1 if the water molecule, j, continuously stays in the
hydration shell of a group, α, during the time interval from t’ to t’ + t or leaves the shell during this
interval, but returns for the time no longer than t0 = 2 ps. Otherwise, the function equals zero. The
radius of hydration shell was taken as 3.5 Å for all protein groups. The value Nα (t = 0) gives the mean
hydration shell occupancy (coordination number) of the group, α.

The calculated Nα was fitted by a double exponential function:

n(t) = n f e− t/τ f + nse− t/τs (4)

where τf and τs are the fast and the slow decay constants. Only groups with Nα (t = 0) ≥ 0.2 were taken
for fitting. The latter was performed on the time interval from 0.25 to 100 ps or up to the time when
Nα reaches the value of 0.1 for rapidly decaying functions. The residence time of water molecules was
calculated for each group as:

τres = 〈t〉 =
∫ ∞

0 tn(t)dt∫ ∞
0 n(t)dt

=
n fτ

2
f + nsτ2

s

n fτ f + nsτs
(5)

In Figures 2 and 4, origin of the pore axis (z) was taken as the pore center of mass calculated
over Cα atoms of residues 642, 643, 644, 645, 671, 675, 676, 679, 680, 683, 686, and 687—those are
located in the helices S6 and the selectivity filter. The following geometric criteria were used to define
water–protein hb: Donor (D) – acceptor (A) atoms distance ≤ 3.5 Å, the angle D-H-A lies in the range
180◦ ± 30◦.
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Abstract: The nuclear envelope (NE) surrounds the nucleus with a double membrane in eukaryotic
cells. The double membranes are embedded with proteins that are synthesized on the endoplasmic
reticulum and often destined specifically for either the outer nuclear membrane (ONM) or the inner
nuclear membrane (INM). These nuclear envelope transmembrane proteins (NETs) play important
roles in cellular function and participate in transcription, epigenetics, splicing, DNA replication,
genome architecture, nuclear structure, nuclear stability, nuclear organization, and nuclear positioning.
These vital functions are dependent upon both the correct localization and relative concentrations of
NETs on the appropriate membrane of the NE. It is, therefore, important to understand the distribution
and abundance of NETs on the NE. This review will evaluate the current tools and methodologies
available to address this important topic.

Keywords: NETs; inner nuclear membrane; outer nuclear membrane; nuclear envelope

1. Introduction

The eukaryotic nuclear membrane consists of two separate lipid bilayers, the inner nuclear membrane
(INM) and the outer nuclear membrane (ONM) that are separated by a perinuclear space of approximately
30–50 nm [1,2]. Both INM and ONM contain unique sets of nuclear envelope transmembrane proteins
(NETs) that must target to their respective compartments after synthesis in the endoplasmic reticulum
(ER). The ONM is contiguous with the ER and fuses with the INM at sites where nuclear pore complexes
(NPCs) are inserted, often called the pore membrane [3]. NPCs are megadalton complexes built of
more than 30 nucleoporin proteins that regulate directed transport of proteins and RNA in and out of
the nucleus through their central channel. Along with the NE, the NPC provides a barrier against the
free diffusion of large molecules into the nucleus. In the NPC, this barrier in the central channel with
a narrowest waist of ~50 nm is formed by intrinsically disordered phenylalanine-glycine (FG) motifs
on one thirds of nucleoporins [4,5]. In addition to the central channel, NPCs could also have ~10-nm
peripheral channels between their core protein mass and the membrane [6,7]. Though these channels are
not well characterized, it has been proposed that these peripheral channels facilitate the transit of INM
NETs to their functional sites on the inner face of the NE.

It is critical for the cell to allow INM NETs into the nucleus while excluding ONM NETs from
entering as many NETs have important functions on their designated membrane. These functions can
range from cell and nuclear migration to connecting the rest of the cell to the genome to regulating
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genome functions. Both INM and ONM NETs provide structure to their respective membranes,
for example, many INM NETs bind the lamina intermediate filament network underlying the INM
while the ONM contains NETs that connect to all three major cytoplasmic filament systems [8–15].
There are also connections across the lumen of the NE between INM and ONM NETs that form
the linker of nucleoskeleton and cytoskeleton (LINC) complex, which is central to mechanosignal
transduction regulating the genome, cell and nuclear mechanical stability, and providing mechanical
connections needed for cell and nuclear migration [16,17]. Accordingly, many INM NETs interact
with DNA, chromatin proteins, chromatin-remodeling enzymes, transcription factors, transcriptional
repressors, and even splicing factors [18–23]. INM proteins also contribute significantly to 3D spatial
genome organization, which is a major factor in fine-tuned regulation of the genome during tissue
development. Disruption of this complex interactome can result in a number of pathological conditions,
often termed as nuclear envelopathies or laminopathies, most of which are highly tissue-specific, thus
underscoring the importance of INM protein function in development [24–26].

In order to better understand the complex interactome of the nuclear envelope and these diseases,
it is becoming increasingly apparent that differentiating between INM or ONM position is a critical
question. At the simplest level, understanding the function of a NET requires also knowing whether it
connects the NE to the cytoplasm or to the genome, thus knowing the INM/ONM distribution answers
this question. This distribution is generally not absolutely binary because NETs are first synthesized
in the ER and so will never be 100% in the INM, especially if NETs freely diffuse in both directions
between the ONM and INM until they find a binding partner. Thus, a very high INM:ONM ratio
likely indicates a more directed mechanism for translocation that might be receptor mediated, similar
to NLS-mediated directional transport of soluble proteins through the central channels of the NPCs.
This ratio information can also be important to gain insights about functioning of different pools of
NETs because several NETs have multiple cellular locations and being able to isolate and distinguish if
they perform different functions in these locations requires understanding also what controls their
targeting. For example, a subunit of the plasma membrane Na,K-ATPase was separately shown by
immunogold electron microscopy to have a non-mitochondrial pool in the inner nuclear membrane and
this pool functions as a co-regulator of transcription [27]. Particularly in these cases more information
about the INM:ONM ratio and translocation rates can help direct research efforts towards different
types of mechanisms ranging from post-translational modifications that might create a cryptic and
novel transport sequence to different splice variants with different targeting sequences. This latter
is particularly relevant considering that NETs such as Lap2 have at least half a dozen splice variants
that have never been carefully compared for their INM:ONM ratios or translocation and a recent
study indicated that NETs in general have more splice variants and particularly more tissue-specific
splice variants than non-NE proteins [28]. It is noteworthy that the proteins with tissue-specific splice
variants includes both transmembrane and non-transmembrane nucleoporins that make up the core
structure of the NPC.

Due to the close proximity of the ONM and INM, electron microscopy (EM) remains the only
unequivocal method of determining a NET’s location. However, this only provides a snapshot of
potential NET locations and, by extension, their potential binding partners and functions. This exposes
a critical need for assays capable of distinguishing between INM and ONM proteins accurately in vivo.
Therefore, to truly better understand the involvement of NETs in cellular functions, it is critical to
develop new methods that are capable of distinguishing the localization of NETs between INM and
ONM with spatial and temporal accuracy. In recent years, many existing technologies have been
repurposed to interrogate this question. However, many of these technologies suffer from their own
shortcomings. This is true for imaging techniques, biochemical methods, and bioinformatic approaches.
Within this review, we evaluate several cutting-edge technologies within the context of interrogating
the location of NETs on the nuclear envelope.

16



Int. J. Mol. Sci. 2019, 20, 5248

2. Determining NET Location

2.1. Determining the Spatial Location of NETs on the NE

Determining the membrane distribution of NETs remains a difficult question to answer due to the
close proximity of the INM and ONM as well as the transient nature of many NETs. An important
caveat to all the research on this question is that most work relies upon exogenously expressed tagged
proteins and one of the core hypotheses to how NETs get to the INM is that they diffuse laterally in the
membrane and remain in the INM by binding lamins or chromatin. If correct, this “lateral-diffusion
retention” hypothesis would limit binding sites in the INM to the levels of the binding partner; thus,
exogenous overexpression of a NET that had limiting amounts of the INM binding partner would
result in large pools of the NET moving freely in the INM, ONM, and ER. At the same time, many
NETs have a plethora of splice variants. Lap2β has at least 6 different splice variants [29] and many
tissue-specific variants of NETs that have not yet been cloned or characterized are indicated [28].
Correspondingly, staining with antibodies cannot distinguish splice variants. Due to the complexity
and limitations of this problem, a variety of technologies have been repurposed or developed to
evaluate a NET’s localization.

2.1.1. Electron Microscopy

Often considered the gold standard for determining the localization of NETs, immunogold-label
electron microscopy makes use of small particles of gold bound to an antibody to generate extremely
high-resolution images. Where the gold nanoparticle is present, a dark spot will be present on the
image. While small, ~1 nm, particles of gold are possible to generate and label with, it becomes
difficult to differentiate between organic material and the gold label [30]. Furthermore, due to
the primary and secondary antibody labeling method, the gold particle will typically be 15–30 nm
away from the molecule of interest, which can cause issues with distinguishing between ONM and
INM localizations [30]. The potentially large distance between the gold particle and the antigen
when using primary and secondary antibodies can be circumvented through the use of gold-labeled
nanobodies [31,32]. Finally, due to the high density of the gold particle it will still be the strongest
signal even when not in the same plane as the stained membrane; thus sectioning may cut the NE at an
angle that makes it appear that a gold particle on one side of the membrane is actually on the other.
Hence, a reasonable percentage of particles might appear to be in the lumen despite that the region
of the protein being labeled is 100% cytoplasmic or nucleoplasmic and luminal-appearing particles
cannot be determined for INM or ONM localization.

With this difficulty in mind, the diameter of the gold nanoparticle is of critical importance.
Until the development of scanning electron microscopy (SEM) instruments equipped with field
emission guns, the limited resolution of SEM required the use of gold nanoparticles larger than 15 nm.
However, modern SEM allows for resolution similar to that of transmission electron microscopy (TEM),
approximately 0.5 nm [33].

The extreme localization precisions achievable through immunogold-label electron microscopy
has been used to provide direct evidence of the localization of a small subset of NETs [34–36]. However,
this approach is ponderous, expensive, and only viable in fixed cells; thereby limiting the efficacy and
feasibility of this approach. In addition, the aforementioned requirement that the samples be fixed,
limits the viability of this technique as it pertains to translocation of NETs.

2.1.2. Differential Membrane Permeabilization

Historically it was thought that, as most INM proteins associate with the nuclear lamina, the
resistance of a protein to a pre-fixation detergent extraction indicated INM localization. It has since
been shown that several ONM proteins interact with cytoskeletal filaments and so this is no longer a
clear determination of INM localization; however, a variant involving differential detergent extraction
can still provide information on INM/ONM localization. This method takes advantage of the fact that
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digitonin preferentially pokes holes in membranes containing cholesterol. While the cell membrane
contains large amounts of cholesterol, the ER and its contiguous ONM appear to contain very little
cholesterol [37]. Thus, one can fix cells and then preferentially permeabilize the plasma membrane
with digitonin and stain with antibodies [38]. Proteins on the ONM will stain strongly, but the nuclear
membrane will prevent the antibodies accessing the INM thereby preventing staining [39,40]. Some
proteins will have partial pools in both the INM and ONM, therefore a separate staining of cells
permeabilized with Triton X-100 will show the full staining with the antibodies. If this stain shows a
difference in the relative staining patterns, it can be inferred that there are pools in both membranes.
Similarly, if Green Fluorescence Protein (GFP)-tagged proteins are exogenously expressed, the relative
GFP signal intensity in different membranes compared to the antibody staining can be compared
to determine at least a population in the INM [41,42]. This approach can also be used to determine
membrane topology if mapped antibodies are used. This is because the luminal domains in both the
ER and nuclear envelope will be protected in the digitonin-permeabilized cells. These approaches are
still used, but trap and super resolution approaches are more in favor due to the difficulties involved in
titrating the proper amount of digitonin to use, as it is possible with high levels, or lengths of digitonin
treatment, to also poke holes in the nuclear membrane.

2.1.3. Rapamycin Trapping

One rather clever approach to surmounting diffraction limitations is the rapamycin trap.
This method is based upon the forced protein dimerization technique first reported by Chen et
al. [43] which exploits the binding affinity of rapamycin. Rapamycin binds to both the 12 kDa FK506
binding protein (FKBP12) and the 100 amino acid domain of the mammalian target of rapamycin
(mTOR) protein, also known as FKBP-rapamycin binding domain (FRB). This system has been used to
tackle the challenge of NET localization by engineering two chimeric proteins: (1) NETs of interest
expressing an FRB domain and a fluorescent tag. (2) A “trap” protein limited to the nucleus consisting
of a complimentary nuclear localization signal (NLS) bearing glutathione s-transferase (GST) sequence
tagged with an FKBP12 sequence and a different fluorophore from the aforementioned NET chimera
(Figure 1a). In the absence of rapamycin, fluorescence microscopy will show the fluorescently-tagged
NET in a ring around the periphery of the nucleus whether it is in the INM or the ONM while the
soluble FKBP12-tagged GST-NLS will diffuse equally throughout the nucleus (Figure 1b). Upon
rapamycin treatment, the membrane bound FRB-tagged NET will associate with rapamycin, which in
turn will recruit the soluble FKBP12-tagged protein only if the NET is in the INM. Such an association
will result in a distinct redistribution of the fluorophore-tagged GST-NLS protein to a ring-like staining
at the nuclear periphery that can be visualized by fluorescence microscopy (Figure 1c). In contrast,
if the NET is restricted to the ONM the nuclear-restricted FKBP12-tagged protein will not move to
the nuclear periphery, but remain diffuse in the nucleoplasm [44,45]. This method provides a very
clear condition, which when met, provides very strong support for the protein being present on the
INM. However, this methodology only evaluates the presence of a protein on the INM and does not
distinguish whether a separate pool can reside simultaneously in the ONM. Furthermore, the addition
of two tags, the fluorophore and the FKBP12 sequence, introduces a greater possibility of error in this
system, allowing for the possibility that in vivo wild-type interactions may be significantly different
from what is observed. Nonetheless, there are many strengths to this system, including that it can
be adapted in many ways to address related questions. For example, if the nuclear trap protein has
a lamin-binding site that keeps it stably at the INM, then a NET that freely diffuses with different
subcellular pools can be followed for its dynamics until it gets trapped at the INM after rapamycin
is added.

This approach has been used to test requirements for targeting a heterologous reporter to the INM
in a study supporting the lateral-diffusion retention hypothesis that found an ATP requirement for
translocation of the reporter to the INM [46]. However, it was also used in a study supporting the
lateral-diffusion retention hypothesis that argued against an ATP requirement for translocation [47].
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Figure 1. A rapamycin trap for evaluating the presence of nuclear envelope transmembrane proteins
(NETs) on the INM: (a) A membrane bound NETs tagged with a fluorophore and FRB will dimerize
with another fluorescently tagged protein with an 12 kDa FK506 binding protein (FKBP12) domain in
the presence of rapamycin, represented here as a triangle. (b) In the absence of rapamycin, the soluble
Green Fluorescent Protein (GFP) labeled protein (green blocks) will not dimerize with the membrane
bound NETs (red blocks) and diffuse throughout the nucleus. (c) In the presence of rapamycin the
soluble GFP labeled protein (green blocks) will dimerize with the membrane bound NETs (red blocks)
and localize to the nuclear envelope.

2.1.4. Split GFP

Another proximity-based interaction system utilizes Superfolder GFP, which is capable of being
split asymmetrically into two parts, GFP11 (3 kD) and GFP1–10 (24 kD). Individually, these two
constructs do not fluoresce. However, they can be reconstituted into a fluorescing GFP (27 kD) when
the two pieces are expressed within the same cellular compartment and associate (Figure 2a) [48,49].
This assay was adapted to identify the localization of NETs on the NE of Saccharomyces cerevisiae by
Smoyer and colleagues [50]. To accomplish this, they created reporter proteins by fusing a yeast-codon
optimized GFP11 and mCherry to a nuclear reporter (GFP11-mCherry-Pus1), ONM/ER surface reporter
(GFP11-mCherry-Scs2TM), ER lumen reporter (mCherry-Scs2TM-GFP11), and a cytoplasmic reporter
(GFP11-mCherry-Hxk1) (Figure 2e). NETs were then selected and fused with the complimentary
GFP1–10 fragment. Each NET-GFP1–10 construct was then expressed with each of the reporters
individually and observed in the green fluorescence channel. Since the location of the reporters is
well established, if the nuclear protein fused to GFP1–10, was present in the same compartment as
the reporter protein, fluorescence in the green channel would be detected, and thus, the localization
of the NET in question could be determined (Figure 2c,d). To confirm the accuracy of the system,
control proteins were generated which localized to specific regions, thereby confirming the location of
the experimental constructs (Figure 2e). Split GFP is a powerful and elegant system for qualitatively
determining if a NET localizes to the INM. However, the system does not account for NETs with a dual
role that may be present on both the INM and ONM as it does not allow for derivation of information
about ONM quantity and proportion to the INM. Furthermore, similar to the rapamycin trap, split
GFP carries with it the potential that adding several tags may alter the behavior of NETs, which may
lead investigators to reach erroneous conclusions. Thus, despite being an elegant and straightforward
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approach to verifying the presence of NETs on the INM, the split GFP system is limited in its capacity
to provide further information about the translocation and proportion of INM NETs.

Figure 2. A conceptual representation of the split GFP system as it is used to identify the position of
INM proteins: (a) Superfolder GFP can be split into two non-fluorescent components, which can also
recombine into a fluorescently functional GFP. (b) A representation of the soluble nuclear yeast protein
Pus1 tagged with mCherry and GFP11, a NET of interest tagged with the complimentary GFP1–10, the
interaction between GFP1–10-tagged NET and the GFP11 reporter resulting in green fluorescence. (c,d)
Representations of how the localization of NETs tagged with GFP1–10 and reporter proteins tagged
with GFP11 produce green fluorescence (c) or fail to do so (d). (e) A representation of control proteins
tagged with mCherry and GFP11 in the nucleus, the outer nuclear membrane (ONM) and endoplasmic
reticulum (ER), the lumen, and the cytoplasm of the cell in the absence of GFP1–10 fused NETs of interest.

2.1.5. MIET

Recently, Metal-Induced Energy Transfer (MIET), a technique that relies upon the principals of
non-radiative electromagnetic energy transfer, was used to probe the distribution of NETs on the ONM
and INM [51]. This method is similar to the more commonly used technique of Förster resonance
energy transfer and fluorescence lifetime imaging microscopy (FRET/FLIM). Here, donor fluorophores
close to a metal surface interact with surface plasmons and transfer their energy to the metal thereby
reducing their fluorescence lifetime (τ) in a direct relationship with their distance from the metal
surface. This technique can work over the range of about 150 nm, and can therefore help determine
the location of proteins on the part of the NE that is close to the bottom of a cell and near the metal
surface [51,52].
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This technique has recently been utilized to generate a topography of the nuclear envelope.
This was done by tagging landmark proteins Lap2β on the INM, and NUP358 for the ONM and
then using MIET to localize the landmark proteins. MIET boasts an impressive axial localization
of 2.5 nm, which allows for a very accurate differentiation between the INM and ONM, as well as
a very accurate measurement of the basal region of the perinuclear space [51]. While no specific
experiments have been published using MIET to differentiate membrane location of NETs, we propose
that this technology could potentially be utilized to accurately determine the membrane location
of NETs. MIET is a very interesting concept with many potential applications, however it is not
without limitations. The temporal resolution of this technique is currently too low to provide real-time
mobility measurements of NETs. Furthermore, the lateral resolution of this technique is still diffraction
limited and therefore unable to determine the distribution of NETs on the ONM and INM. However,
this may be overcome by employing Single-Molecule Localization Methods (SMLM) to improve the
lateral precision.

2.1.6. Ensemble FRAP

Since the initial breakthrough experiments in the 1970s, fluorescence recovery after photobleaching
(FRAP) has become an essential tool to determine the mobility and diffusion of transmembrane proteins
embedded in lipid bilayers [53–55]. Since then, FRAP has been used on many membranous structures,
including the plasma membrane [56–58], ER [59], and NE [34]. FRAP allows one to distinguish
the diffusivity of molecules on a membrane as well as the fraction of immobile molecules that are
unable to diffuse due to interactions with other macromolecules. For most NETs tested, however,
the immobile fraction was sufficiently high that FRAP was principally measuring the translocation of
protein accumulated in the ER into the INM instead of mobility of protein within the NE. While this
is straightforward on single-membrane structures such as the plasma membrane, it becomes more
convoluted on the NE due to the ~40 nm distance of the ONM and INM. FRAP relies on diffraction
limited imaging which does not have the resolution to distinguish between the two membranes.
Therefore, any information about NET diffusion coefficients or immobile fractions inherently is an
average of behavior of the specific protein in question on both of the membranes.

2.1.7. Airyscan Confocal Microscopy and Differential Labeling

The expertise required for super-resolution or electron microscopy may be untenable for many
research labs, therefore, Airyscan confocal microscopy is an attractive alternative to these other
techniques due to its accessibility and comparative affordability. The Airyscan confocal microscope’s
principle of operation makes use of multiple extremely sensitive GaAsP detectors for a single
illumination point. The detector consists of 32 detector elements arranged in a compound eye fashion.
As the image is scanned, each detector records a portion of the whole. The resultant images are then
concatenated and a point spread function (PSF) is generated. This PSF allows for a sub-diffraction limit
image to be generated with a lateral resolution of approximately 140 nm and an axial resolution of
approximately 350 nm [60–62]. This resolution is not sufficient to differentiate between INM and ONM.
However, the addition of differential labeling overcomes this weakness by enabling investigators to
create a landmark on the INM or ONM.

Previous publications have identified landmark proteins which localize to the ONM or the INM
respectively. Labeling these known protein markers with a fluorescent protein (i.e., mCherry) and
NETs of interest with a different color fluorophore (i.e., eGFP) allows one to study colocalization.
This approach was used to great effect by Groves et al. to better understand how NETs are targeted to
the INM in plants. In this study, ER tail-anchored proteins were tagged with an NLS and GFP and
compared to the localization of calnexin-mCherry, a well characterized protein located exclusively on
the ER and ONM. Since the Airyscan microscopy method does not have enough resolution to visually
distinguish between the ONM and INM, line scans of the NE were used to determine co-localization of
the two proteins (Figure 3a,b). However, even line scans are limited by the overall resolution of the
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system, therefore several statistical analyses had to performed on the line scan results before providing
satisfying conclusions [63].

While this approach is relatively simple and easy to perform, it unfortunately has several
pitfalls that can drastically affect the results. First, overexpression of NETs can often result in their
mislocalization on the NE due to the leaky nature in which proteins are regulated by the NPC [64].
This is especially detrimental if the ONM marker, calnexin, is found on the INM as the line scan
will show false colocalizations. Second, there is an inherent amount of uncertainty associated with
fitting a line scan to determine the peaks. The resultant error makes using these values to colocalize
proteins precarious. Line scans are a one-dimensional analysis method and do not provide information
regarding diffusion or relative enrichment on the ONM or INM.

Figure 3. A model of differential staining using Airyscan confocal microscopy. (a) Calnexin tagged
with mCherry (red) localizes exclusively to the ONM and ER. While the NETs of interest tagged with
GFP (green) is enriched at the INM. A line scan is performed and a line profile is generated indicating
that the two fluorophores do not co-localize. (b) A line scan of NETs tagged with GFP (green) that are
enriched at the ONM and ER do co-localize with calnexin.

2.1.8. Super-Resolution Microscopy

As was discussed previously, the diffraction limit of light microscopy is approximately 250 nm.
This limit can be overcome by using super-resolution (SR) microscopy techniques, which are theoretically
capable of providing an image resolution between 100 to 20 nm. So far, three classes of SR techniques
have been applied to imaging NETs: Structured illumination microscopy (SIM), stimulated emission
depletion (STED) microscopy, and single-molecule localization microscopy (SMLM). While all three of
these techniques can break the diffraction barrier of light, they vary drastically in approach. SIM relies
on a diffraction pattern or grating placed in front of the excitation laser beam. These patterns are then
moved and rotated several times to produce a Moiré effect allowing one to discern high frequency
signals relating to fine cellular structures, reaching resolutions of ~100 nm laterally and ~250 nm axially.
This technique was originally used to image the localization of the nuclear lamina and the INM protein
Lap2β in relation to either an NPC protein of the nuclear basket that protrudes into the nucleoplasm by
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~50 nm or an NPC protein of the cytoplasmic filaments that similarly protrude into the cytoplasm [65].
Thus, the INM or ONM localization was determined based on whether a protein was closer to one
or the other NPC protein and the NPC proteins were in fact separated by well over 100 nm distance.
This approach was subsequently expanded to study the localization and interactions between INM
proteins, ONM proteins, and the cytoskeleton [66], as well as to systematically analyze the localization
of 21 novel NETs identified by proteomics [41,67,68]. While this technique can be performed on live
cells, the need to take thousands of images makes the image acquisition rate far too slow to detect
the fast dynamics of transmembrane protein diffusion on the NE. It is important to remember when
applying this technique that the NPC proteins used as landmarks are penetrating into the nucleoplasm
or cytoplasm by ~50 nm. Thus, if the protein being interrogated has its tag or epitope being recognized
by an antibody in the lumen or near the membrane on the nucleoplasmic side as opposed to similarly
penetrating into the nucleoplasm, a clear distinction on its localization may not be possible.

Improving significantly upon the resolution of SIM is STED microscopy, which uses a depletion
laser that is overlapped with an excitation laser. This depletion laser depletes the excited state of
fluorophores on the outer edges of the excitation laser targets so that only the inner most region of
the excitation laser will excite fluorophores to emit photons [69]. In other words, this method reduces
the effective PSF of the excitation laser below the diffraction limit of light, giving lateral resolution
of ~50 nm and an axial resolution of ~150 nm in 3D STED applications [70]. Using this technique in
combination with FRAP, Giannios and colleagues examined the localization and mobility of lamin B
receptor (LBR) and concluded that the mobility of LBR is greatly affected by the interfaces between ER
tubules and the ONM as well as discrete LBR microdomains. Mobility was primarily determined by
using FRAP/FLIP techniques, whereas localization was determined by fixing the cells and performing
STED, which, naturally, does not preserve the dynamics of a live cell system.

Finally, SMLM takes advantage of the photophysical properties of fluorescent probes and relies
on the blinking or ‘on/off’ switching of the probes. The two most commonly SMLM methods are
stochastic optical reconstruction microscopy (STORM) and photoactivated localization microscopy
(PALM), both which rely on the blinking of fluorophores, but differ in that STORM relies on the blinking
of organic dyes, whereas PALM uses the photoactivation or photoswitching of genetically modified
fluorescent proteins. These blinking events spatially and temporally separate fluorophores, allowing
each active emitter to be distinctly observed and localized with mathematical functions to find the
centroid. Thousands of subsets of active emitters are imaged and then reconstructed to recreate the
original image. This powerful technique has a very high localization precision (~20 nm laterally and
~50 axially), however, it is time consuming and not ideal for capturing the dynamic movement of
NETs on the NE. As such this methodology has mostly been used to localize different lamin subtypes
within the nuclear lamina in fixed cells [71,72]. It is noteworthy, however, that application of multiple
of the above-listed SR approaches to this problem of lamin subtype localization yielded somewhat
differing results.

Recently, however, a technique was developed harnessing both SMLM and FRAP—named
single-molecule fluorescence recovery after photobleaching (smFRAP)—to try and capture the dynamic
movement and distribution of NETs on both the ONM and INM [73]. By photobleaching a small spot
on the NE, the local concentration of fluorescently functional EGFP tagged NETs was brought to near
zero, and the recovery of new, fluorescently functional, molecules on the ONM or INM was recorded
using SMLM. Photobleaching and observing only a small spot at the equator of the NE (~0.5 μm),
the ONM and INM could be treated as two parallel membranes with no overlap due to curvature.
Then, by exploiting the high lateral localization precision of SMLM, the recorded events on either of
the two membranes could be easily separated to determine the distribution of NETs on the respective
membranes. Furthermore, observing such a small location allows for the use of a fast frame rate,
preserving the natural dynamics of a live system while having the fast acquisition speed to provide
information about translocation rates for NETs. However, a drawback of this system is that only a small
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region is imaged and used to represent the entire NE, which is not an isotropic structure. To overcome
this, results measured from multiple NEs have been averaged to represent the final outcomes [66].

2.2. Determining the Translocation Rate of NETs

The membrane distribution of NETs can sometimes provide insight into the deeper question
of how NETs import or export through the NPC and their translocation rate. While several of the
aforementioned technologies are capable of providing a qualitative relative ratio of proteins on the
ONM to proteins on the INM and many early studies did very elegant work to gain insights into the
routes and mechanisms of translocation, in vivo direct measurement of translocation rate of NETs
still remains both desirable and challengeable. However, some, when applied creatively and with
mathematical modeling, have given insights into this question.

2.2.1. Mathematical Modeling of NETs Translocation Rate

One of the first studies to try to get at this question creatively used the rapamycin trap described
above. In this case the fusion construct carrying the FKBP was fused to the lamin binding domain of
Lap2β and, as this would stay at the nuclear periphery, it was used as a trap to capture freely diffusing
FRB fused to pyruvate kinase, the Lap2β transmembrane domain, and GFP. Thus, when rapamycin
was added the GFP signal would begin to accumulate at the NE and the rate of this accumulation could
be inferred to reflect the translocation rate [46]. However, this system still would have a background
from the pool of the FRB construct already in the INM, but not yet trapped, and that in the ONM.
This was improved upon slightly in a subsequent study that used a combination of data from FRAP,
photoactivatable GFP, and immunogold EM to model translocation and estimate translocation rates for
a variety of NETs with different characteristics in terms of length of the nucleoplasmic region, number
of transmembrane spans and the presence or absence of an NLS [36]. One of the particularly interesting
findings in this paper was that it indicated that earlier FRAP studies that purported to estimate mobility
in the NE were most likely mostly measuring translocation. They found that photoactivation of
GFP-NETs in the ER resulted in GFP signal accumulating in the NE with kinetics similar to FRAP
studies while photoactivation of these GFP-NETs in the NE resulted in much slower mobility, thus
indicating that most of the protein observed at the NE for these particular NETs was immobile and
therefore likely tethered in the INM. Further using data from all three experimental approaches they
were able to model the translocation and infer the percent immobile fraction and translocation rates of
NETs NET55, Lap2β, and Lap1-L, respectively at 50–70 s, 60–80 s, and 70–140 s.

Another study attempted to determine a translocation coefficient for just the lamin B receptor
(LBR) using a slightly different approach. LBR is a well characterized INM membrane bound protein,
with domains binding the B-type lamins, as well as Histones H3 and H4 and heterochromatin protein 1
(HP1). Thus it has many nucleoplasmic tethering sites consistent with the lateral-diffusion retention
model of translocation and, in fact, it was the first NET studied by Soullam and Worman when
presenting this hypothesis [74,75]. In addition, LBR contains 3 NLS sequences, consistent with the
receptor-mediated model of translocation [76]. LBR is also a good substrate to test because, having
8 transmembrane spans, it is unlikely to be sustainable outside the membrane while it is possible
that C-terminal anchored single-span transmembrane proteins never get inserted into the membrane.
This study tried to determine the kinetics of LBR protein translocation using inducible expression of
the LBR reporter fused to another protein making it too long to translocate through the peripheral
NPC channels [77]. This reporter also had a protease site between the LBR and fusion so that before
the addition of the protease, the LBR construct would be constrained to the ER/ONM. However, upon
the addition of a protease, the fusion protein would be cleaved from the LBR, thus allowing it to
freely localize to the INM, which is then observed over time to determine translocation kinetics and
requirements. Using the data accumulated from the inducible cleavage reporter and FRAP, they were
able to estimate the binding time of LBR to its nuclear binding partners as 0 to 4 min. Furthermore,
they used the surface area of the NE and ER, the degradation of proteins on the ER/ONM and INM,
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as well as the kinetics of the inducible cleavage to determine the kinetics of LBR import. Finally, it was
estimated that diffusion from the ER to the NE occurs in 5 to 15 s, and it was assumed that LBR was at
a concentration of 1 μM (2.6 × 106 molecule). Using these parameters, Boni and colleagues calculated
the translocation rate of LBR to be 4.6 molecules per minute per NPC.

2.2.2. Experimental determination of NETs Translocation Rate

A recent study by Mudumbi and colleagues used a new approach, combining smFRAP and
ensemble FRAP, to directly determine the translocation rate of LBR. Using smFRAP, they were able to
clearly distinguish the diffusion coefficient of LBR on the ONM and INM, along with the fraction of
LBR distribution on the ONM and INM. In addition, the group used ensemble FRAP measurements of
LBR to determine its mobile and immobile fractions. Finally, using previously published data about
the number of LBR molecules and NPCs typically expressed in HeLa cells [78,79], they calculated the
translocation rate of LBR to be approximately 5.4 molecules per minute per NPC. This method of
calculating translocation rate is possible for all NETs so long as a relatively accurate quantification
of total NET molecules is available. Here, the authors were able to take advantage of the high
resolution of SMLM to directly determine distribution of LBR on both membranes as well as its
diffusion coefficient on both membranes to calculate translocation rate, without relying on numerous
theoretical assumptions.

3. Conclusions and Future Directions

Several microscopy techniques are able to provide the nanometer level spatial resolution required
to distinguish protein localization on the ONM and INM, however they suffer from a small field of view
or lack of appropriate temporal resolution. It is clear from a survey of recent literature that advances are
quickly being made in the fields of microscopy and dye development that are pushing the boundaries
of both temporal and spatial resolution in live cells. The application of these new technologies, together
with approaches described above for measuring translocation rates from single molecules, will play
an important role in addressing many outstanding questions in the area of nuclear envelope biology.
For example, do different transmembrane NET ‘cargos’ have different transport kinetics? Furthermore,
how might this reflect on their using distinct transport mechanisms? The application of these advances
together with FRET, as shown above, and FFS (fluorescence fluctuation spectroscopy), and FCCS
(fluorescence cross-correlation spectroscopy) approaches will enable further determination of which,
if any, nucleoporins interact with NET cargos and if transportins might facilitate the transport process
though the peripheral NPC channels. Moreover, these approaches might be also used to determine
if—a totally new conceptual hypothesis—NETs could possibly themselves act as transport receptors for
soluble cargos translocating through the peripheral channels of the NPCs. This could be an important
backup mechanism, for example, when central channel transport is blocked by pathogens and would
be consistent with the notion that the peripheral channels were actually the original mode of transport
when NPCs presumably evolved from COP proteins of the ER [80] and before they acquired FGs
and a directed transport mechanism. It is noteworthy that NLS deletion did not block lamin nuclear
import [81] and there are actually many nuclear proteins for which an NLS has not been identified that
make the possibility of multiple transport mechanisms through the peripheral channels the more likely.

One critical area is lacking on the technology side: many high-resolution biology techniques
involve high laser power which causes the photobleaching of fluorophores and increases phototoxicity
in the cell. This both may affect in vivo cellular dynamics and is incompatible with the need for single
molecule tracking in some of the approaches discussed above. As such, there is high demand for
further development of high-resolution techniques that are also gentle on the cell. This is particularly
important for studying transport due to the need to simultaneously track the NET and its cargo
while also following other molecules to obtain positional reference information against the NPC
structure. It is also important to use these developing approaches together with CRISPR technologies
to maintain endogenous expression levels and smaller tags to limit mistargeting: This is particularly
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important in working with the nuclear envelope because light has to pass through the whole cell
to get to the nucleus and thus large amounts of out-of-focus light from inappropriate protein pools
will yield poor signal-to-noise ratios. Harnessing these new methods in conjunction with the creative
biological techniques presented here will help shed light in this area of nuclear biology that is poorly
understood, but functionally extremely important as indicated by the many nuclear envelope-linked
diseases [82,83].

One critical area is lacking on the biology side: this work will have to go hand-in-hand with
developments in finding and annotating new splice variants of NETs and using these technologies that
distinguish outer and inner nuclear membranes to directly compare each of these variants. One of
the first NETs to be identified was Lap2, which has between 6 and 7 annotated splice variants [29,84];
however, for Lap1 which was identified at the same time, there were three bands identified by
monoclonal antibodies on Western blot. Despite being discovered nearly 30 years ago, cDNAs
encoding all three splice variants have yet to be annotated. A recent analysis of RNA-Seq data showed
that genes encoding nuclear envelope proteins are enriched for splice variants compared to the rest of
the genome as well as identifying many new tissue-specific splice variants [28]. Accordingly, it is not
surprising that other studies are popping up occasionally showing important functions for novel splice
variants of NETs, such as three SUN1 splice variants that each differently contribute to directional cell
migration [85]. In light of the tissue-specificity of pathology in many identified nuclear envelope-linked
diseases and that widely expressed proteins have mostly been implicated in these disorders [82,83],
it is likely that tissue-specific splice variants that may use distinct transport pathways or exhibit distinct
translocation kinetics could play a role in the disease pathomechanisms.

Funding: The project was supported by grants from the National Institutes of Health (NIH GM097037, GM116204
and RGM122552 to W.Y.). E.C.S. is supported by Medical Research Council grant MR/R018073 and Muscular
Dystrophy UK grant 18GRO-PG24-0248. K.C.M. is supported by the National Institutes of Health (NIH
R01-CA198164 awarded to Mark A. Lemmon at Yale University).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Abbreviations

NPC Nuclear pore complex
NETs Nuclear envelope transmembrane proteins
INM Inner nuclear membrane
ONM Outer nuclear membrane
ER Endoplasmic Reticulum
FKBP12 12 kDa FK506 binding protein
FRB FKBP12 rapamycin binding domain
mTOR Mammalian target of rapamycin
NLS Nuclear localization signal
GST Glutathione s-transferase
SR Super-Resolution
SIM Structured Illumination Microscopy
FRAP Fluorescence Recovery After Photobleaching
STORM Stochastic-Optical-Reconstruction-Microscopy
PALM Photo-Activated-Localization-Microscopy
STED Stimulated emission depletion
SMLM Single-Molecule Localization Microscopy
smFRAP Single-Molecule Fluorescence Recovery After Photobleaching
TEM Transmission electron microscopy
SEM Scanning electron microscopy
MIET Metal-Induced Energy Transfer
FRET Förster Resonance Energy Transfer
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Abstract: A good understanding of the mechanism of interaction between inhaled pollutant
nanoparticles (NPs) and the pulmonary surfactant monolayer is useful to study the impact of
fine particulate matter on human health. In this work, we established coarse-grained models of
four representative NPs with different hydrophilicity properties in the air (i.e., CaSO4, C, SiO2, and
C6H14O2 NPs) and the pulmonary surfactant monolayer. Molecular dynamic simulations of the
interaction during exhalation and inhalation breathing states were performed. The effects of NP
hydrophilicity levels, NP structural properties, and cholesterol content in the monolayer on the
behaviors of NP embedment or the transmembrane were analyzed by calculating the changes in
potential energy, NP displacement, monolayer orderliness, and surface tension. Results showed that
NPs can inhibit the ability of the monolayer to adjust surface tension. For all breathing states, the
hydrophobic C NP cannot translocate across the monolayer and had the greatest influence on the
structural properties of the monolayer, whereas the strongly hydrophilic SiO2 and C6H14O2 NPs can
cross the monolayer with little impact. The semi-hydrophilic CaSO4 NP can penetrate the monolayer
only during the inhalation breathing state. The hydrophilic flaky NP shows the best penetration
ability, followed by the rod-shaped NP and spherical NP in turn. An increase in cholesterol content
of the monolayer led to improved orderliness and decreased fluidity of the membrane system due to
enhanced intermolecular forces. Consequently, difficulty in crossing the monolayer increased for
the NPs.

Keywords: air-pollutant nanoparticle; coarse-grained model; interaction; molecular dynamics
simulation; pulmonary surfactant monolayer

1. Introduction

Studies show that high concentrations of fine particulate matter (PM2.5) is the underlying cause
of haze. The surfaces of PM2.5 particles can carry many harmful organic and inorganic molecules, and
the particles can readily enter the body via inhalation and ingestion primarily through the respiratory
tract. The inhaled particles may deposit near the alveoli and interact with the pulmonary surfactant
monolayer, which is used to regulate the surface tension of the lungs and, thus, maintain the stability
of alveoli [1,2]. This interaction and particle invasion may affect the normal function of alveoli [3,4]
and even cause acute lung injury [5], cardiovascular disease, inflammation of the respiratory tract, and
hematological toxicity [6]. Meanwhile, nanoparticles (NPs) have significant advantages over normal
bulk materials owing to their unique optical, photothermal, and electromagnetic properties. NPs can
easily cross biological barriers and access specific intracellular locations, thereby enabling many potential
biomedical applications such as sensing and imaging, drug delivery, and hyperthermia. Accordingly,
NPs with membrane-penetration abilities and high delivery efficiencies should be designed.
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The interaction between the pulmonary surfactant monolayer and inhalable particles is the most
primitive bio-nano process. Understanding this interaction at the molecular level is one of the most
important steps in studying the impact of NPs on the human body and can also provide guidance for
NP-based clinical applications. Some experiments and simulations have been carried out, and many
advances have been made [7–10]. The physicochemical properties of NPs reportedly play an important
role in influencing their interaction with the pulmonary surfactant monolayer. Experimental results
show that NP hydrophobicity increases their retention in the monolayer [11], and large NPs have a
greater degree of damage to the monolayer [12]. Cholesterol can enhance the interaction between
the monolayer and drug and, thus, inhibit drug penetration [13] when the cholesterol content in the
monolayer reaches 20%. Some simulations have been performed using molecular dynamics methods,
which are widely used to compute biomolecular interactions on micro/nano scales by determining
the positions and velocities of particles in terms of the laws of classical physics [14]. The results of
analysis of the equilibrium position of NPs, potential of mean force, and order parameters indicate that
the structural or morphological properties of the monolayer are obviously affected by the structural
and surface physicochemical properties of NPs [15–19]. However, most simulation studies have been
carried out based on the generalized coarse-grained (CG) NP models and the CG models of a pure
dipalmitoylphosphatidylcholine (DPPC) monolayer or cholesterol-free monolayer. The pulmonary
surfactant monolayer comprises phospholipids and proteins, wherein approximately 90% of the
monolayer is phospholipids and 10% is proteins. The main component of phospholipids is DPPC with
a small amount of neutral lipids (5%~10%), and cholesterol constitutes the major fraction of neutral
lipids [20]. Proteins include four surfactant proteins (i.e., SP-A, SP-B, SP-C, and SP-D). Among them,
SP-A and SP-D are macromolecular proteins dominating the metabolism and immunoregulation of the
monolayer [21], whereas SP-B and SP-C are small molecular proteins dominating the stability of their
surface-sustaining monolayer [22].

In the present study, we used molecular dynamics simulations to investigate the interaction
mechanism of NPs with the pulmonary surfactant monolayer and the behaviors of NP translocation
across the monolayer at exhalation and inhalation breathing states for the representative atmospheric
particulate matters. The coarse-grained (CG) model of DPPC containing cholesterol molecules and
the surfactant-specific proteins SP-B and SP-C were established, and a qualitative comparison of
the simulation results and experimental data from literature was carried out. On this basis, we
comprehensively analyzed the influence of crucial factors affecting NPs and the monolayer such
as NP type, shape, size, hydrophilicity/hydrophobicity, and cholesterol content on NP interactions
and translocation.

2. Results and Discussion

To investigate the interaction mechanism of four kinds of representative NPs with the pulmonary
surfactant monolayer during natural breathing patterns, we analyzed the mean-square displacement
(MSD) of the NPs, centroid-to-centroid distance between the NP and monolayer, order parameter of
the phospholipid molecule, and surface area per lipid molecule in the interaction. The MSD is used to
evaluate the movement of a given particle, indicating its diffusion rate [23]. It is calculated with the
following formula:

MSD = R(t) = {|→r (t) −→r (0)|2}, (1)

where
→
r (t) is used to represent the position of a particle at time t.

The order parameter P2 is defined as [24]

P2 =
1
2
(3 cos 2

θ− 1), (2)

where θ represents the angle between the bond linking two CG beads and the z-axis, and these two
beads are DPPC C3B and C4B.
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2.1. Interactions of Different Nanoparticles (NPs) with the Pulmonary Surfactant Monolayer in Exhalation and
Inhalation Breathing States

Figure 1a,b show the snapshots of interactions among the different NPs and the pulmonary
surfactant monolayer during compression and expansion, respectively. Water molecules are not shown
in the figures to emphasize NP movement. We can observe that C and CaSO4 NPs were embedded
into the monolayer at the exhalation breathing state, whereas C6H14O2 and SiO2 NPs penetrated
the monolayer. Compared with CaSO4, C was almost completely wrapped by the monolayer and
caused the monolayer to bulge, prominently, toward to the water phase, generating a large monolayer
curvature. Thus, the interaction of C can inflict great disturbance to the monolayer structure. Figure 1b
indicates that C6H14O2 and SiO2 NPs still translocated across the pulmonary surfactant monolayer
throughout the inhalation breathing process as they did throughout the exhalation breathing process.
However, unlike in the exhalation breathing state, CaSO4 penetrated the monolayer, although C NP
still could not cross and was embedded into the monolayer.

The MSDs of the NPs and the centroid-to-centroid distances between the NPs and the monolayer
during compression and expansion were calculated, respectively, as shown in Figure 1c–f. In the
exhalation breathing state, the MSD of SiO2 was larger than those of the other three NPs, and the
MSD of C was higher than that of CaSO4 NP, indicating that the diffusion rate of the SiO2 NP was
the fastest, and C moved a longer distance than CaSO4. Figure 1e also shows that C and CaSO4 NPs
reached a relatively equilibrated state within approximately 10 ns, whereas C6H14O2 and SiO2 NPs
took a longer time (i.e., around 45 ns). The initial centroid-to-centroid distance between the NP and
the monolayer at time t = 0 was set to 3.2 nm. The distance of the centroid position between the
CaSO4 NP and the monolayer at the equilibrium state was about 1.52 nm, and C was 0.27 nm away
from the monolayer, meaning that C was embedded in the monolayer more deeply than CaSO4. The
final positions of C6H14O2 and SiO2 NPs were all approximately −3.3 nm away from the monolayer,
with an average thickness of 2.08 nm, indicating that both NPs completely translocated across the
monolayer. Compared with the compression process, the MSDs of all NPs during expansion were
larger, which meant that all NPs could move faster, and their diffusion abilities were stronger than
those in the exhalation breathing state. Another difference was that the MSD of CaSO4 was larger than
that of C, although SiO2 showed the largest MSD. Figure 1f shows that C6H14O2 and SiO2 NPs reached
equilibrium within approximately 40 ns, which was shorter than that in the exhalation breathing state.
Notably, the final position of the C NP was about 0.88 nm away from the centroid of the monolayer in
the inhalation breathing state, indicating the C NP was embedded into the monolayer more deeply in
the exhalation breathing state. These analysis results of MSD and the centroid-to-centroid distance
confirmed our previous findings obtained from the molecular dynamics simulation snapshots.

The differences in hydrophilicity/hydrophobicity of the NPs explained the difference among
the interaction behaviors. C NPs are typical hydrophobic NPs, and CaSO4 NP is semi-hydrophilic.
C6H14O2 NPs and SiO2 NPs are strongly hydrophilic NPs, and SiO2 NPs are more hydrophilic.

The strong hydrophilicity of C6H14O2 and SiO2 NPs led to the strong attractive forces between
the NPs and the hydrophilic head groups of DPPC molecules or between the NPs and the water
molecules on the other side of the monolayer, which enabled the NPs to overcome the energy barrier
and translocate across the monolayer. The uncharged and hydrophobic C NP was attracted by the
hydrophobic tail groups of DPPC molecules, and its interaction with the hydrophilic head group was
repulsive at the same time. Consequently, C cannot translocate across the monolayer, and its deep
encapsulation inside the monolayer caused monolayer deformation.

For the semi-hydrophilic CaSO4 NP in the exhalation breathing state, the hydrophobic interaction
between the NPs and hydrophobic apolar tail groups of DPPC molecules were not intensive. The
interactions between the NP and hydrophilic head groups and water molecules were attractive but not
sufficiently large for NP penetration, only causing the NP to stay in the surface region of the monolayer.
In the inhalation breathing state, the reason for CaSO4 translocation across the monolayer may be that
the relatively loose arrangement of lipid molecules enabled the attractive interaction between the NP
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and the monolayer to overcome the energy barrier, resulting in NP penetration through the expanded
monolayer. We further elucidated this aspect by analyzing the surface area per lipid molecule and the
energy component of the simulation system, as discussed in the following sections.

Figure 1. Interaction between nanoparticles (NPs) and the pulmonary surfactant monolayer. Snapshots
of the interaction in the (a) exhalation and (b) inhalation breathing states; mean-square displacements
(MSDs) of the NPs in (c) exhalation and (d) inhalation breathing states; centroid-to-centroid distance
between the NPs and monolayer in (e) exhalation and (f) inhalation breathing states.
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We then calculated the order parameters of lipid molecules in the pure monolayer system and NP
monolayer systems over time, as well as the surface area per lipid molecule, to analyze the effect of
interaction of NPs with the monolayer on the structural properties of the monolayer. Figure 2a,b shows
the changes in order parameters and surface area per lipid molecule in the exhalation and inhalation
breathing states, respectively. A larger order parameter represented better consistency between the
bonding and arrangement directions of the phospholipid monolayer, indicating better orderliness
of the membrane lipid molecules. Figure 2a shows that the order parameters of lipid molecules in
the systems containing C6H14O2 and SiO2 were almost the same as those in the system without NPs,
either in exhalation or at inhalation breathing states, all of which were approximately 0.458 or 0.285
(Figure 2a,b) at equilibrium, respectively. Thus, C6H14O2 and SiO2 penetrations had a negligible effect
on the orderliness of lipid molecules after NP membrane translocation. The order parameters for the
system containing CaSO4 NPs were 0.452 and 0.285 in exhalation or at inhalation breathing states,
respectively, but they were 0.413 and 0.204 for C, indicating that the penetration of CaSO4 had little
effect on the monolayer structure in the inhalation breathing state. The presence of C most obviously
affected the monolayer structure and led to decreased orderliness in the monolayer.

 

 
Figure 2. Order parameters of monolayer molecules in the (a) exhalation and (b) inhalation breathing
states. Surface area per lipid molecule in the (c) exhalation and (d) inhalation breathing states.

Figure 2c,d shows that the surface areas per lipid molecule in the systems without NPs and with
C6H14O2 and SiO2 NPs were all about 0.53 nm2 after equilibrium was reached. In other words, the
effect of C6H14O2 and SiO2 on the monolayer structure was almost negligible. The surface areas per
lipid molecule of the system containing C was about 0.552 and 0.657 nm2 in exhalation or inhalation
breathing states, respectively. These values were noticeably larger than those of other systems because
the hydrophobicity of C NPs produced remarkable monolayer curvature and a large change in area.
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Analysis results of surface areas per lipid molecule were consistent with those of the order parameters.
In general, the difference in interactions with the monolayer between SiO2 and C6H14O2 was not
obvious because the differences in their hydrophilicity levels was not large.

2.2. Analyses of System Energy and Surface Pressure of the Monolayer

We calculated the total energy of different systems to compare the interactions of different NPs
with the pulmonary surfactant monolayer in inhalation and exhalation breathing states and to further
understand the mechanism underlying such interactions. All simulations in this study were performed
in the NPT ensemble, and the total kinetic energy of the system remained unchanged considering the
constant temperature under practical conditions. Thus, the change in total energy was equal to the
change in potential energy.

As shown in Figure 3a, for the systems with the same NP, the total energy of the system in the
inhalation breathing state was lower than that in the exhalation breathing state (i.e., the orderliness
of the lipid molecules was more orderly, and the entropy of the system was lower). For all NPs, the
total energies in both breathing states decreased after interacting with the monolayer, indicating that
the interaction was irreversible. During the interaction process, the potential energy was converted
to kinetic energy and was then dissipated by the simulation system to keep the total kinetic energy
constant, so the potential energy of the system decreased. The NPs could not enter the air side again
without applying external disturbance after it was embedded into the monolayer or crossed the
membrane. Figure 3b shows the difference in total energy between the NP monolayer system and
the pure monolayer system, which includes the energy of the NP, the interaction energy between the
NP and monolayer, and the interaction energy between the NP and water molecules. The change in
this difference can reflect the change in NP potential energy, owing to the constant kinetic energy in
the NPT ensemble. We also found SiO2 had higher potential than C, indicating a larger interaction
of SiO2 with the lipid and water molecules and a greater likelihood of NP crossing the monolayer.
The potential energy of SiO2 in the inhalation breathing state was larger than that in the exhalation
breathing state, indicating that the NP was subject to greater force and could more easily penetrate
the monolayer.

The attractive interaction between the hydrophobic NP and hydrophobic groups of the monolayer
was the dominant driving force acting on the NP during the process of NP movement and embedment,
which had the same direction as the NP motion. Accordingly, the potential energy continually
decreased until it eventually stabilized at a position where it was wrapped and a potential well
formed. Conversely, hydrophilic NPs were subjected to a repulsive force, owing to the existence of a
hydrophobic barrier produced by the lipid monolayer. The NP overcame the potential barrier and
finally penetrated the monolayer when the hydrophilic interaction between the NP and water molecules
was sufficiently strong. Otherwise, the NP was stopped by the potential barrier and embedded into
the monolayer.

A stable, low surface tension of the pulmonary surfactant monolayer can maintain the stability
of lung alveolars [1,20], but the surface tension may be affected by the interaction between the NPs
and the monolayer. We calculated the surface pressure and pressure–area isotherm of the monolayer,
which was commonly used to analyze the functional properties of the monolayer. The surface pressure
π is given by π = γw − γ, where γw and γ represent the surface tension of pure water and the
monolayer, respectively.

Figure 3c shows the changes in surface pressure of the monolayer in the exhalation and inhalation
breathing states for the pure monolayer and NP monolayer systems after reaching the equilibrium
state. Compared with the surface tension of the monolayer in the system without NPs, all interactions
of different NPs with the monolayer resulted in decreased surface tension of the monolayer to a certain
extent. The effects of all interactions in the exhalation breathing state were more remarkable than those
in the inhalation breathing state, in which C showed the most pronounced effect on the surface tension
of the monolayer. C was embedded into the monolayer because of its hydrophobic interaction with
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the hydrophobic tail chain of DPPC molecules and its interaction with the hydrophilic head groups
of the lipid. This phenomenon resulted in decreased free area available for the lipid molecules and
increased surface density of the monolayer. Thus, the surface tension of the monolayer was reduced
and the surface pressure increased. For CaSO4, although it was also embedded in the monolayer in
the exhalation breathing state, the effect of the interaction on the surface pressure of the monolayer
was still smaller than that of C because it had a smaller embedding degree, as shown in Figure 1a.
In the inhalation breathing state, the effect of the interaction of CaSO4 with the monolayer was very
slight, similar to those of C6H14O2 and SiO2 NPs, to their complete membrane translocation. These
findings indicated that the breathing state played an important role in the interaction of NPs with
the monolayer.

 

 
Figure 3. Analyses of system energy and surface pressure for the systems containing a pure monolayer
or an NP monolayer: (a) total energy of different systems after interaction, (b) ΔEtotal (i.e., the difference
in total energy between the NP monolayer system and the pure monolayer system), (c) surface pressure
of the monolayer in exhalation and inhalation breathing states, and (d) surface pressure–area isotherms
of the monolayers from the simulation and Ref. [25].

We compared the calculated surface pressure–area isothermal (π-A) of the monolayer for the
strongly hydrophilic SiO2 NP and the hydrophobic C NP with experimental data obtained from
Ref. [25] (Figure 3d). Qualitative agreement was observed between the simulation and experimental
results (i.e., strongly hydrophilic NPs had a smaller effect on the surface tension of the monolayer than
the hydrophobic NPs). This finding was due to ability of the strongly hydrophilic NPs to translocate
across the monolayer and not stay in it at equilibrium. The reason for the quantitative difference in
simulation and experimental results was that the NPs initially mixed with DPPC for compression in
the experiment, whereas the NPs were initially located on the air-side in the simulation and took more
time to move to and interact with the monolayer.
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2.3. Effect of Cholestrol Content of the Monolayer and NP Structural Properties on the Interaction

Cholesterol is reportedly present in the lipid membrane, at 5%–10% by mass, and constitutes the
major fraction of neutral lipids [3]. To investigate the effect of cholesterol content on the interaction of
NPs with the pulmonary surfactant monolayer, we established CG models of the pulmonary membrane
with 0%, 5%, and 10% cholesterol content, respectively, and simulated its interaction with C, CaSO4, or
SiO2 NPs. We found that all kinds of NPs moved slower with increased cholesterol content, and that C
could not penetrate all three kinds of the monolayers at the inhalation breathing state, whereas SiO2

could cross all these monolayers.
However, the calculation results of the centroid–centroid distance of the NP with the monolayer

and the MSD of the lipid molecules (Figure 4a,b) revealed that CaSO4 can translocate only across
the monolayer with 0% and 5% cholesterol content, and the MSD of the lipid molecules prominently
decreased in the system with 10% cholesterol content. We then analyzed the order parameters of
the lipid molecules of the monolayer with 0%, 5%, and 10% cholesterol contents, respectively, in the
systems without NPs and with CaSO4 (Figure 4c,d). An increase in cholesterol content of the monolayer
led to an increase in the order parameters of the monolayer. The fluidity of lipid molecules is usually
related to their structural ordering and is manifested in the tail of phospholipid molecules [26]. Our
results indicated that the cholesterol content remarkably influenced the fluidity of the pulmonary
surfactant monolayer and that increased cholesterol content led to a more orderly arrangement of lipid
molecules. This ordering enhanced the packing of the hydrophobic portion of the lipid molecule and,
thus, reduced the fluidity of the pulmonary surfactant monolayer. Subsequently, the NPs encountered
increased difficulty in penetrating the monolayer. CaSO4 could cross the monolayers with 0% and 5%
cholesterol content, so little difference in order parameter between the pure monolayer and CaSO4

NP monolayer systems was observed. For the lipid molecules of the monolayer with 10% cholesterol
content, the order parameters of the two systems were 0.40 and 0.42, respectively. This finding indicated
that the difference was not very remarkable because CaSO4 stayed only on the surface region of the
monolayer, and it inflicted slight disturbance to the monolayer structure because the centroid–centroid
distance between the NP with 3 nm diameter and the monolayer with 2 nm thickness was only 2.23 nm.

We analyzed the effects of NP structural properties on the interaction between NPs and the
pulmonary surfactant monolayer, taking the effects of size and shape into account. Figure 5a shows the
centroid-to-centroid distances between a hydrophilic and spherical NP without charge and surfactant
monolayer and the corresponding snapshots at equilibrium under different NP size conditions,
respectively. Smaller NPs took shorter times to cross the monolayer and reach the equilibrium state,
indicating that the difficulty of NP membrane translocation was positively correlated with NP size.
Notably, all NPs attached onto the hydrophilic side of the monolayer after membrane translocation,
and no detachment from the monolayer occurred due to the attractive interaction of the hydrophilic
head groups of the monolayer with the NPs. Although all hydrophilic NPs can successfully cross the
monolayer, the NPs did not stay in a certain position and remain fixed, and the smaller NPs were more
easily affected by thermal fluctuations and had a larger fluctuation range.
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Figure 4. Effect of cholesterol content of the monolayer: (a) centroid–centroid distance between the
CaSO4 NP and the monolayer, (b) MSDs of lipid molecules in the CaSO4 NP monolayer system, and
(c,d) order parameters for the systems without NPs and with the CaSO4 NP.

Figure 5. Snapshot of transmembrane and centroid-to-centroid distances of NPs with different (a) NP
sizes and (b) NP shapes.

Three types of neutral hydrophilic NPs with three common shapes for NPs in the air, namely,
spherical (diameter d = 3 nm), rod-shaped (diameter d = 3 nm and height h = 3 nm), and flaky (size d
= 3 nm and thickness δ = 0.5 nm), were modeled to analyze the effect of NP shape on the interaction.
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As shown in Figure 5b, all three types of NPs can translocate across the monolayer. The difference was
that the spherical and rod-shaped NPs still adsorbed onto the monolayer at equilibrium, whereas the
flaky NP penetrated through and completely separated from the monolayer, entering into the water
phase. During NP translocation, we observed that the angles between the monolayer and rod-shaped
or flaky NPs were continuously adjusted according to the changes in their relative position and the
variation in their interactions. The rod-shaped NP contacted and penetrated the monolayer with the
long axis perpendicular to the plane of the monolayer from the initial parallel placement. Similarly, the
flaky NP spontaneously moved and rotated from the initial placement in parallel with the monolayer
to the vertical placement with a minimum contact area made with the monolayer. After the NP was
embedded into the monolayer, the NP eventually detached from the monolayer because attachment of
the NP to hydrophilic head groups of the monolayer cannot counteract the attractive force between the
NP and water molecules due to minimal contact.

To quantify the difference in penetration behaviors of NPs with different shapes, we calculated
the centroid-to-centroid distance between NPs and the monolayer, and we found that rod-shaped NPs
took less time (t = 17 ns) to cross the monolayer and reach the equilibrium state than spherical NPs
(t = 21 ns), although all of them eventually attached onto the monolayer and could not detach from
it. The flaky NP spent more time (t = 50 ns) to penetrate the pulmonary surfactant monolayer, and
equilibrium was reached within about 90 ns, where it then completely entered the water phase and
was surrounded by water molecules.

3. Methods

All simulations were carried out using the MARTINI [27,28] CG force field, in which several
heavy atoms were incorporated into one bead to decrease computational cost as well as allow larger
length scale and longer time-period simulations compared with all-atom models. The coarse-graining
procedure would reduce the resolution of the system and might cause some key information at the
atomic scale to be lost [29]. In our simulation, the model of pulmonary monolayer was established
using the standard coarse-grained MARTINI force field, and the coarse-graining of NPs was performed
by using one bead to represent one atom for reducing the loss of information.

The CG model of the DPPC pulmonary surfactant monolayer containing cholesterol and
surfactant-specific proteins (i.e., SP-B and SP-C) was established using GROMACS [30] and Visual
Molecular Dynamics [31], as shown in Figure 6a–d. Given that organic carbon, elemental carbon, SO4

2−,
and NO3

− are the most abundant chemical components of PM2.5 [32], we selected C, C6H14O2,and
CaSO4 NPs to represent elemental carbon, alcoholic content, and secondary sulfate particulates
discharged from automobile exhaust, coal combustion, and biomass burning, and we selected SiO2 to
represent the main inorganic component of wind-blown soils. The CG models of these four kinds of
NPs were constructed using GROMACS and MATERIAL STUDIO (Figure 6e). Relevant information
about bond length and bond angle of the NPs was obtained by implementing the MSI2LMP tool
packaged with LAMMPS software. To ensure rigidity of the NPs during simulation, the equilibrium
distance among beads was set to 0.47 nm, and the force constant was set to 1250 kJ/mol.
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Figure 6. Coarse-grained (CG) models of (a) the dipalmitoylphosphatidylcholine (DPPC) molecule; (b)
cholesterol molecule; (c) SP-B protein; (d) SP-C protein; (e) C, CaSO4, C6H14O2, and SiO2 NPs; and (f)
NP (cyan)- pulmonary surfactant monolayer with DPPC (blue), cholesterol (yellow), SP-B (purple),
SP-C (pink), and water molecules (green).

The model of the pulmonary surfactant monolayer consisted of 1086 CG DPPC molecules, 34 CG
cholesterol molecules, and 2 CG surfactant proteins (SP-B and SP-C). They were placed in a 20 × 40 ×
80 nm cubic simulation box containing 46634 CG water molecules and one NP. The monolayer was
placed on the liquid–air interface in the z-direction, and the NP was initially located in the air above
the monolayer. The general shape of the NP was spherical, and its diameter was approximately 3 nm.
The simulation box was stretched along the z-direction to prevent water molecules in the system from
running through the periodic boundary to the airside of the monolayer, as shown in Figure 6f.

In the simulation, a cutoff distance of 1.2 nm was set for van der Waals interactions, and the
Lennard–Jones potential was smoothly shifted to zero in the range of 0.9–1.2 nm to reduce cutoff noise.
For electrostatic interactions, the Coulomb potential had a cutoff distance of 1.0 nm and a smooth shift
to zero over the range of 0–1.0 nm. An isobaric–isothermal (NPT) ensemble with periodic boundary
conditions was used for simulations. The temperature of the system was controlled at 310 K using the
Berendsen thermostatting method, and semi-anisotropic coupling was used by the Berendsen barostat
with a coupling constant of 3.0 ps and a compressibility of 4.5 × 10−5 bar−1 in the x–y plane and 0 bar−1

on the z-axis. Given that the respiratory scale is several orders of magnitude larger than the nanoscale
of the molecular simulation study [33,34], a large lateral pressure was applied in the simulation to
achieve the surface tension of the pulmonary surfactant monolayer in the respiration process, which
was 30% higher and lower than that at initial state for the exhalation (compression) and inhalation
(expansion) breathing states, respectively. We implemented postprocessing and visualization through
VMD, and all simulations were performed using the Gromacs 4.5.4 simulation package. The simulation
time of the system was set to 150 ns.

4. Conclusions

This work investigated the interaction mechanism between the representative pollutant NPs and
the pulmonary surfactant monolayer using molecular dynamics simulations based on established
CG models. By analyzing the snapshot, NP MSD and centroid distance, the order parameter and
area of the lipid molecules, system energy, and surface pressure of the monolayer, we concluded
that the strongly hydrophilic SiO2 and C6H14O2 NPs can cross the monolayer in either exhalation or
inhalation breathing states and had little effect on the monolayer structure at equilibrium, whereas NP
penetration of the semi-hydrophilic CaSO4 NP occurred only in the inhalation breathing state with
a slight influence on monolayer orderliness. No obvious difference was observed in NP membrane
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translocation and effect on the monolayer between SiO2 and C6H14O2 NPs because there was a slight
difference in hydrophilicity levels.

The hydrophobic C NP had the most pronounced effect on monolayer orderliness because it could
not cross and embedded only into the monolayer during both breathing states. The difficulty in NP
membrane translocation for the hydrophilic NPs was positively correlated with the cholesterol content
in the monolayer because of the change in fluidity caused by cholesterol (e.g., the semi-hydrophilic
CaSO4 NP could not penetrate the monolayer with 10% cholesterol content in the inhalation breathing
state). The flaky shape had the advantage of membrane translocation for the hydrophilic NPs over the
spherical and rod-shape ones, and only the hydrophilic flaky NP could detach from the monolayer
and enter the water phase completely. The interaction of the hydrophilic SiO2 NP had a relatively
slight effect on the surface tension of the monolayer, whereas that of the hydrophobic C NP could
obviously decrease the surface tension. These findings indicated that NP deposition could affect its
ability to regulate interfacial tension. Our simulations can provide information on the effect of NP
hydrophilicity, cholesterol content of the monolayer, and NP structural properties on the interactions
of air-pollutant NPs with the pulmonary surfactant monolayer, and the knowledge can be useful for
drug-delivery design.
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Abstract: This paper first reports on the selective separation of volatile fatty acids (VFAs) (acetic
and hexanoic acids) using polymer inclusion membranes (PIMs) containing quaternary ammonium
and phosphonium ionic liquids (ILs) as the carrier. The affecting parameters such as IL content,
VFA concentration, and the initial pH of the feed solution as well as the type and concentration
of the stripping solution were investigated. PIMs performed a much higher selective separation
performance toward hexanoic acid. The optimal PIM composed of 60 wt% quaternary ammonium IL
with the permeability coefficients for acetic and hexanoic acid of 0.72 and 4.38 μm s−1, respectively,
was determined. The purity of hexanoic acid obtained in the stripping solution increased with
an increase in the VFA concentration of the feed solution and decreasing HCl concentration of
the stripping solution. The use of Na2CO3 as the stripping solution and the involvement of the
electrodialysis process could dramatically enhance the transport efficiency of both VFAs, but the
separation efficiency decreased sharply. Furthermore, a coordinating mechanism containing hydrogen
bonding and ion exchange for VFA transport was demonstrated. The highest purity of hexanoic acid
(89.3%) in the stripping solution demonstrated that this PIM technology has good prospects for the
separation and recovery of VFAs from aqueous solutions.

Keywords: polymer inclusion membrane; ionic liquids; volatile fatty acids (VFAs); acetic acids;
hexanoic acids

1. Introduction

The conversion of organic residual waste into platform chemicals though anaerobic microbial
fermentation is considered to be a promising alternative route to replace the petroleum based production
of chemicals [1]. Anaerobic microbial fermentation can produce volatile fatty acids (VFAs), which
are short chain monocarboxylic acids consisting of six or fewer carbon atoms (e.g., acetic, propionic,
butyric, valeric, and caproic (hexanoic) acids) [2]. These VFAs have a wide range of applications
such as bioplastic production [3], bioenergy [4] as well as the biological removal of nutrients from
wastewater [5]. However, the commercialization of VFA value-added chemicals via fermentation is
challenging due to the relatively low VFA concentration in the fermentation broths and the complex
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fermentation composition [6]. Therefore, the separation and purification of these organic acids from
fermentation broths have recently received considerable attention [7].

Different methods have been investigated like salt precipitation [8], solvent extraction [9], liquid
membranes (LMs) [10], adsorption [11], microfiltration and/or nanofiltration [12], crystallization [13],
and electrodialysis [14], etc. Torri et al. [15] introduced lipophilic amines based LMs for selective
conversion of VFAs (acetic, propionic, and butyric acids) from anaerobic fermentation systems and
proposed that these LMs had a higher affinity for longer carbon chain VFAs. Similar results were also
discovered by Nuchnoi et al. [16], who used a supported liquid membrane (SLM) with tri-n-octyl
phosphine oxide (TOPO) as a carrier to separate formic, acetic, propionic, and butyric acids. The results
obtained exhibited an obvious difference in transport flux for four VFAs and butyric acid was the
easiest to transport across the membrane, followed by propionic, acetic, and formic acids. These studies
all demonstrated the feasibility of LMs for VFA selective separation. However, these LMs tended to
lose the solvent to the water phases and their lack of stability may hinder their applications [17].

Polymer inclusion membrane (PIM) technology has drawn the considerable attention of many
researchers in recent years in the separation of small organic compounds and metal ions from aqueous
solutions [18–20]. PIMs are a novel type of polymer based liquid membrane where the carrier and
plasticizer are incorporated into the entangled chains of the base polymer [21]. The base polymer
plays a vital role in providing mechanical strength to the membranes and the carrier is responsible for
binding with the interest species and transporting them across the membrane [22]. The plasticizer
improves the elasticity, flexibility, and compatibility of the membrane components [23]. It should be
pointed out that the majority of carriers in PIMs have plasticizing properties and there is no need to
add additional plasticizer to the membrane composition [22–24]. The popularity of PIMs is mainly due
to their excellent stability than that of other kinds of LMs such as bulk liquids (BLMs), emulsion liquids
(ELMs), and supported liquid membranes (SLMs) [25]. Furthermore, PIMs can provide many other
advantages in studies such as high selectivity, simple preparation, long term use, excellent stability
and versatility, quick transport, and flexible design [23,26,27], and thus possess much potential.

In recent years, ionic liquids (ILs) have attracted much attention as a kind of environmentally
friendly solvent. ILs are salts consisting of an organic cation and inorganic or organic anion with a
low melting point [28]. ILs have exhibited many unique properties such as selectivity for specific ions,
excellent ionic conductivity, non-flammability, electrochemical stability, high thermal stability, and
negligible vapor pressure as well as extractability for different organic and inorganic compounds [29],
and are therefore favored by many researchers. In addition, ILs as a carrier can also be employed as
effective plasticizers [30].

ILs have been reported as a carrier or extractant in solvent extraction and LMs for the separation
of VFAs and have shown a superior performance to conventional solvents in terms of extraction
and transport efficiency [31–33]. Yang et al. [34], using Aliquat 336 (methyltri-n-octylammonium
chloride) as an extractant to extract lactic, acetic, propionic and butyric acids, found that Aliquat 336
had more potential to extract VFAs than that of tri-n-octylamine (TOA) as an extractant. In fact, these
solvents were found to possess the superiority of high selectivity for VFAs, suitable affinity strength
for VFAs, and high biocompatibility toward microbial systems [15]. Furthermore, Aliquat 336 and
phosphonium-based ionic liquids like trihexyltetradecylphosphonium chloride (Cyphos IL 101) have
recently attracted considerable attention in PIM research for the transport of metal ions and small
molecular species [35–38].

To the best of our knowledge, most of the literature on the use of PIM have focused on the
transport of individual VFAs such as lactic acid [24,39], citric acid [40], succinic acid [41], humic
acid [42], or of total VFAs (oxalic, tartaric, and lactic acids) [43] from feed solutions. However, the
separation of different kinds of VFAs using PIMs has not been reported. Furthermore, although PIMs
have many of the advantages as described above, its relatively lower initial flux values or permeability
has always been a major challenge [44]. Therefore, attempts have been made by researchers to
improve the properties of PIMs such as introducing crosslinking between components [45], applying
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novel carriers [46], employing nanoscale additives [47], and applying electric fields on both sides
of the membrane [48]. Among them, the application of an electric field by combining the PIM and
electrodialysis (ED) process seems to be a favorable and effective method [49].

In this study, the investigation of PIMs for VFA (acetic and hexanoic acids as examples) separation
was performed. Two hydrophobic ionic liquids, Aliquat 336 and Cyphos IL101, were selected as
carriers to synthesis PIMs. Cellulose triacetate (CTA) was selected as the base polymer due to its good
mechanical properties and compatibility. The main parameters influencing the separation process such
as the effect of composition (carrier type and content), the effect of feed components (pH and acetic
and hexanoic acid concentration) as well as the stripping solution components (stripping solution type
and concentration) were investigated. In addition, an integrated system combining electrodialysis
with PIM to separate both acids were further explored to verify the performance and feasibility of the
PIM in VFA separation during electrodialysis. It is believed that this work may offer a method for
green and sustainable VFA separation processes.

2. Results and Discussion

2.1. Transport Mechanism

Acetic acid (pKa = 4.74) and hexanoic acid (pKa = 4.83) exist in two forms (i.e., dissociated and
undissociated forms) in aqueous solutions, depending on the solution pH. When the pH < pKa, both
acids are protonated and thus exist in undissociated forms. In contrast, dissociated forms are dominant
when the pH > pKa [50]. Amine extractants such as TOA and tridodecylamine (TDDA) are typical
carriers for carboxylic acids in liquid–liquid extraction and liquid membrane systems [51,52], and
only protonated (undissociated) carboxylic acids can be extracted by these extractants through the
hydrogen bonding mechanism [9,53]. Nevertheless, the quaternary ammonium Aliquat 336 can extract
most of the dissociated and partially undissociated forms of acids because Aliquat 336 is composed
of an organic cation associated with a chloride ion [34]. Therefore, coordinating mechanisms are
coexist when using Aliquat 336 as the carrier. In conditions of an initial pH 6, the values of pH in the
feed solution decreased gradually due to the reverse transport of HCl [54]; when HCl was used as
the stripping solution, dissociated (pH > pKa) and undissociated (pH < pKa) forms were observed
throughout the operation time. However, the pH of the feed solutions all measured above 6.0 during
the experiment when Na2CO3 was used as the stripping solution. This means that the anion-exchange
mechanism was dominant under this condition. In conditions of pH < pKa, the undissociated acids
extracted by Aliquat 336 through the interfacial hydrogen bonding mechanism is known by [51]:(

R4N+Cl−
)
(mem) + HA(aq) ↔

(
R4N+Cl−

)
HA(mem) (1)

where R4N+Cl− and HA represent Aliquat 336 and the acetic and hexanoic acid molecules, respectively.
In conditions of pH > pKa, the extraction reaction for the dissociated acid anions by anion-

exchange mechanism is described as follows:

R4N+Cl−(mem) + A−(aq) ↔ R4N+A−(mem) + Cl−(aq) (2)

The acids were transferred to the feed/membrane interface and interacted with the carrier to
form ionic adducts (Reactions (1) and (2)). The transported compounds are transported through the
PIM following a Fickian diffusion pattern [54]. Ultimately, the compounds dissociate immediately
at the membrane/stripping interface, according to the reverse reaction of Reactions (1) and (2). The
IL molecules return according to their concentration gradient. Compared with acetic acid (Kow of
−0.31–0.17), the more hydrophobic hexanoic acid (Kow of 1.88–1.91) is, the easier it reacts with the
hydrophobic ionic liquid, thus facilitating its transport.
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2.2. SEM Analysis

Scanning electron microscopy (SEM) images of the prepared PIMs were recorded to observe the
surface images of the membrane, as presented in Figure 1. From the SEM images, no pores, holes,
or cracks could be observed on the membrane surface, which suggested the homogeneous nature of
the prepared membranes. Compared to PIM4, PIM6 exhibited a rougher surface with multiple small
particles on the surface, which may be related to the dispersibility of the ionic liquid Cyphos IL 101 in
the membrane phase.

 

Figure 1. SEM micrographs of the PIMs. (a) PIM4; (b) PIM6.

2.3. Effect of Carrier Type and Transport Kinetics across the PIM

The nature of the carrier itself is closely related to the properties of the membrane. Therefore, PIMs
with two types of ILs (i.e., Aliquat 336 and Cyphos IL 101) as the carrier for the separation of acetic and
hexanoic acid were studied in order to investigate the effect of carrier type on the transport of both
acids. The extraction rate of the acetic and hexanoic acid is shown in Figure 2a. It can be seen from
Figure 2a that the extraction rate of hexanoic acid was much higher than that of acetic acid, regardless
of the IL used. As with similar pKa (4.74 and 4.83 for acetic acid and hexanoic acid, respectively), the
more hydrophobic the hexanoic acid (octanol–water partition coefficient (Kow) of 1.88–1.91) is, the
easier it is to contact the hydrophobic ionic liquid than that of the acetic acid (Kow of −0.31–0.17), and
thus easier to transport. This result was also consistent with the results of Torri et al. [15] and Aydin et
al. [50], who confirmed that the longer (more lipophilic) the VFA alkyl chain, the higher its transport
performance. In addition, the PIM containing Aliquat 336 as the carrier performed a higher extraction
rate of hexanoic acid (71.9%) than Cyphos IL 101 as the carrier (56.2%) after 9 h of operation, while
the difference in the extraction rate of acetic acid was not obvious. On one hand, this is because the
molecular weight of Cyphos IL 101 (519.31) is higher than that of Aliquat 336 (404.17). Thus, the molar
amount of ionic liquids in the Aliquat 336 membrane is higher under the same mass. On the other
hand, studies have demonstrated that the extraction of carboxylic acids by most ILs in acidic solutions
was dominated by hydrogen bonding. The central atom N of Aliquat 336 has an electronegativity
of 3.05, which is higher than that of the central atom (P (2.19)) of Cyphos IL 101 [18]. It easily forms
hydrogen bonds for Aliquat 336 due to the high electronegativity of N, which decreases the path of
acid hopping transport by hydrogen bonding.
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Figure 2. (a) Effect of the carrier type (Cyphos IL 101 and Aliquat 336) on the separation of acetic
and hexanoic acids from their mixture and (b) kinetic plots for the transport of acetic and hexanoic
acids across a PIM containing Cyphos IL 101 or Aliquat 336 as the carrier (PIMs: PIM4 and PIM6;
Feed solution: 0.01 mol L−1 acetic acid + 0.01 mol L−1 hexanoic acid, pH = 6; Stripping solution:
0.1 mol L−1 HCl).

The plot of ln(Cf/C0) versus time for the transport of both acids through the PIM is shown
in Figure 2b. Obviously, ln(Cf/C0) has a linear relationship (R2 > 0.98) to time, indicating that the
diffusion of acetic and hexanoic acids across the PIM follows the Fick’s first-order kinetics. When
the slope is greater, the transport of VFAs from the feed solution to the stripping solution is more
rapid. From the slope, the value of the permeability coefficient (P) for hexanoic acids when using
Aliquat 336 and Cyphos IL101 as the carrier can be calculated as 4.38 and 2.60 μm s−1, respectively
(Equation (7)), which were much higher than that of acetic acid (0.72 and 0.60 μm s−1, respectively).
These results demonstrate the potential of the Aliquat 336 based PIM developed in this study for the
selective separation of acetic and hexanoic acids from aqueous solutions.

The purity of hexanoic acid in the stripping solution is exhibited in Figure 3. As can be seen
from Figure 3, the purity of hexanoic acid when using the Aliquat 336 membrane was much higher
than that of the Cyphos IL 101 membrane. The maximum purity of hexanoic acid attained 73.2% and
62.8%, respectively. Considering the excellent performance of the Aliquat 336 membrane during the
experiment, IL Aliquat 336 was selected as the carrier for the following experiments.

Figure 3. The purity of hexanoic acid in the stripping solution (PIMs: PIM4 and PIM6; Feed solution:
0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid, pH = 6; Stripping solution: 0.1 mol L−1 HCl).
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2.4. Effect of Carrier Content

To investigate the effect of carrier content on the separation of acetic and hexanoic acids, membranes
were prepared with different contents of Aliquat 336 (30, 40, 50, 60, and 70 wt%) while the total mass
of the PIMs remained the same. The variation in the extraction rate of acetic and hexanoic acids
as a function of Aliquat 336 content is presented in Figure 4. As shown in Figure 4, the extraction
rates of acetic acid and hexanoic acid all increased with the increase of Aliquat 336 content in the
membrane, which was due to the improvement in the number of available carriers [55]. Since the
carrier also has a plasticizing effect in the PIMs, improving its content lowers the diffusive resistance
of the membrane, thereby further increasing the extraction rate. In addition, the extraction rate of
acetic acid was relatively lower than that of hexanoic acid under the same content of Aliquat 336.
Moreover, the difference in extraction rate of hexanoic acid was more pronounced when using varied
contents of Aliquat 336. A significant increase in the recovery rate of hexanoic acid from 29.2% to 71.6%
was observed as the Aliquat 336 content improved from 40 wt% to 60 wt%, respectively, after 12 h
operation. Further increases of carrier content showed no obvious change. This probably indicates
that the Aliquat 336 was more evenly distributed in the membrane when the carrier content was 60
wt%, which was previously confirmed by the energy-dispersive X-ray analyzer (EDX) image [18].
Furthermore, the membrane became more viscous for contents higher than 60 wt%, which improved
the membrane resistance [56].

Figure 4. Effect of the Aliquat 336 content on the separation of (a) acetic acid and (b) hexanoic acid by
PIMs (PIMs: PIM1, PIM2, PIM3, PIM4, and PIM5; Feed solution: 0.01 mol L−1 acetic acid +0.01 mol L−1

hexanoic acid, pH = 6; Stripping solution: 0.1 mol L−1 HCl).

Similarly, the permeability coefficient also increased with the carrier content and hexanoic acid
showed a much higher value than that of acetic acid (Figure 5). When the content of Aliquat 336
increased from 40 wt% to 60 wt%, the permeability coefficient of hexanoic acid reached 1 μm s−1 and
5.39 μm s−1, respectively. However, the permeability coefficients of acetic acid were all below 0.77 μm
s−1, although a higher permeability coefficient could be obtained when the ionic liquid content was
70 wt%. However, judging from the quality of the prepared membrane, the membrane became viscous
when the carrier content was higher than 60 wt%. Therefore, a PIM containing 60 wt% Aliquat 366 as
the carrier was selected for the subsequent experiments.
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Figure 5. The permeability coefficient of acetic and hexanoic acid by PIMs with different Aliquat 336
content (PIMs: PIMs: PIM1, PIM2, PIM3, PIM4, and PIM5; Feed solution: 0.01 mol L−1 acetic acid
+0.01 mol L−1 hexanoic acid, pH = 6; Stripping solution: 0.1 mol L−1 HCl).

2.5. Effect of Initial pH in Feed Solution

As is well-known, pH plays an important role in the extraction and separation of VFAs. Thus, it is
essential to understand the effects of pH in the feed solution on the separation of acetic and hexanoic
acids though the PIM. pH variation studies in the range of 2.0–10.0 were carried out and the results are
illustrated in Figure 6 and Table 1. It can be seen from Figure 6 that the concentration of acetic acid
and hexanoic acid in the feed solution decreased over time, regardless of the pH, and as expected, the
hexanoic acid concentration decreased more rapidly. For acetic acid, the effect of changes in pH on
its transport efficiency was not significant. For hexanoic acid, a relatively lower pH (pH = 4.0–5.0)
seemed to be more beneficial to its transport. However, the transport efficiency slowed down under
more acidic conditions (pH = 2). This may be due to competitive transport between hexanoic acid
and HCl [54]. Studies have demonstrated that most amines extract organic acids from an aqueous
solution by forming a hydrogen bond with the undissociated acid [53,57]. Since the concentration of
undissociated acid greatly depends on the pH, the organic acid must be set at an acidic condition to be
protonated. Nevertheless, a comparison of tertiary and quaternary amines (i.e., TOA and Aliquat 336)
for the extraction of VFAs was reported by Yang et al. [34]. The authors discovered that quaternary
amine Aliquat 336 could extract both dissociated and undissociated forms of acids, which was different
to the tertiary amine TOA. Since Aliquat 336 is comprised of an organic cation associated with a chloride
ion, the acid could be extracted by an anion-exchange mechanism when the acid is in a dissociated
form (pH > pKa), while the coordinating mechanism by hydrogen bonding is favored when the acid
is in an undissociated form (pH < pKa). The change in pH at different initial pH values during the
experiment was monitored and the results are illustrated in Figure 7. As shown in Figure 7, the values
of pH in the feed solution decreased gradually due to the reverse transport of HCl. In conditions of an
initial pH 2.0–4.0, both acids existed in undissociated forms (pH < pKa), and the hydrogen bonding
mechanism dominated under these conditions. However, in conditions of initial pH 5.0–10.0, the initial
undissociated (pH < pKa) and subsequent dissociated (pH > pKa) forms coexisted throughout the
operation time. Thus, acidic acid and hexanoic acid can be transported by both hydrogen bonding and
anion-exchange mechanisms under these conditions. Therefore, both acetic and hexanoic acids can
be transported though PIMs containing Aliquat 336 as the carrier under the initial pH of acidic and
alkali conditions.
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Figure 6. The changes in (a) acetic acid and (b) hexanoic acid concentrations in the feed solution with
different initial pH (PIMs: PIM4; Feed solution: 0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid;
Stripping solution: 0.1 mol L−1 HCl).

Table 1. Permeability coefficient (P) and purity at different pH values.

pH
P (μm s−1)

Purity (%)
Acetic Acid Hexanoic Acid

2 0.42 5.63 76.2
4 0.42 6.67 77.4
5 0.42 6.25 77.1
6 0.83 5.63 73.5
8 0.63 5.00 75.9
9 0.42 5.63 76.5
10 0.42 5.63 77.9

PIMs: PIM4; Feed solution: 0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid; Stripping solution: 0.1 mol L−1

HCl. Operation time: 12 h.

Figure 7. The change of pH in the feed solution at different initial pH values during the experiment
(PIMs: PIM4; Feed solution: 0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid; Stripping solution:
0.1 mol L−1 HCl).

The permeability coefficient and purity of acetic and hexanoic acids at different initial pH values
are exhibited in Table 1. It can be seen that the permeability coefficient of hexanoic acid was much
higher than that of acetic acid. The maximum permeability coefficient of hexanoic acid was shown to
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have a pH around 4.0, and found to be 6.67 μm s−1. Additionally, the purity of hexanoic acid was above
73.5% after 12 h operation. In general, the typical pH range of the fermentation broth in anaerobic acid
fermentation varied. Hence, the results demonstrate that the Aliquat 336 based PIM developed in this
study may have more potential for the selective separation of VFAs from aqueous solutions.

2.6. Effect of Initial Concentration in Feed Solution

To evaluate the influence of the initial acid concentration in the feed solution on the selective
separation of acetic and hexanoic acids by PIM, experiments were performed by adjusting both acid
concentrations from 0.01 mol L−1 to 0.05 mol L−1. The acid concentration in the stripping solution
during 12 h operation is illustrated in Figure 8. As can be seen from Figure 8, an increase in the
initial concentration from 0.01 to 0.03 mol L−1 was beneficial for the transport of total acids across
the membrane, resulting in the highest total acids concentration of 7.77 mmol L−1 at a concentration
of 0.03 mol L−1 (Figure 8b). With a further increase in the initial concentration to 0.05 mol L−1, the
values of final concentration decreased to 6.16 mmol L−1. The reason for the decrease at a higher initial
concentration can be explained by the relatively small amount of carrier or the insufficient reaction
sites in the membrane, leading to a low extraction rate at a sufficiently high acid concentration [58].
Additionally, as the initial acid concentration increased, the transport of acetic acid decreased. However,
it should be noted that the recovery of hexanoic acid remained substantially invariable, which resulting
in an improvement in the purity of hexanoic acid in the stripping solution. With an increase in the
acid concentration from 0.01 mol L−1 to 0.05 mol L−1, the purity of hexanoic acid varied from 73.5% to
89.3% after 12 h of operation. The reason for the increase in the purity of hexanoic acid at a higher
concentration was due to the intensively competitive transport of both acids. Hexanoic acid with a
longer alkyl chain is more hydrophobic, and is therefore more compatible with the hydrophobic IL
Aliquat 336 in the membrane [34]. Hence, to achieve a higher acid purity in this system, improving the
initial acid concentration may be a favorable choice.

 

Figure 8. The changes in VFA concentration in the stripping solution with different initial concentrations
and the purity of hexanoic acid in the stripping solution (PIMs: PIM4; Feed solution: (a) 0.01 mol
L−1 acetic acid +0.01 mol L−1 hexanoic acid; (b) 0.03 M acetic acid +0.03 mol L−1 hexanoic acid;
(c): 0.05 mol L−1 acetic acid +0.05 mol L−1 hexanoic acid, pH = 6; Stripping solution: 0.1 mol L−1 HCl).

2.7. Effect of Stripping Solution Type

The stripping solution plays a crucial role in the transport of acid ions through PIM because of the
decomplexation reaction that occurs at the membrane/stripping interface. Therefore, two different
solutions, namely hydrochloric acid and sodium carbonate, with the same concentration were utilized
to detect their suitability as a stripping solution. It can be seen from Figure 9 that the difference
between using these two types of stripping solution was obvious. Compared to HCl, using Na2CO3

as the stripping solution achieved a much higher transport efficiency of the total organic acids in
the same time. The maximum concentration of using HCl and Na2CO3 reached 5.04 and 9.44 mmol
L−1, respectively. When Na2CO3 was used as the stripping solution, the pH of the feed solution all
measured above 6.0 (pH > pKa) during the experiment. This means that the ion-exchange mechanism
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dominated under this condition. Therefore, a possible reason for the better transport performance may
be due to the stronger electronegativity of CO3

2- than that of chloride ions. In addition, Aliquat 336 is
known to transport HCl as an HCl–Aliquat 336 complex [54], which indicates the reverse transport of
HCl when utilizing HCl as the stripping solution. Thus, more acetic acid and hexanoic acid radical
ions can be transported to the stripping solution when using Na2CO3 as the stripping solution. In
addition, the pH difference between the two aqueous solution provides a large driving force for acid
transport in the PIM system [51]. Although the amounts of acetic and hexanoic acids transported
all increased when utilizing Na2CO3 as the stripping solution, the increase of acetic acid was more
significant, which resulted in the reduction in hexanoic acid purity (Figure 9b). The optimal purity of
hexanoic acid after 12 h of operation for HCl and Na2CO3 were 81.8% and 50.8%, respectively. These
indicate that the selection of an appropriate stripping solution type is crucial for the PIM to achieve
more efficient transport and selective separation.

 

Figure 9. The changes in VFA concentration in the stripping solution with different types of stripping
solution (PIMs: PIM4; Feed solution: 0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid, pH = 6;
Stripping solution: (a) 0.05 mol L−1 HCl; (b) 0.05 mol L−1 Na2CO3).

2.8. Effect of Acid Concentration in the Stripping Solution

The type of stripping solution is also a significant parameter that influences the selective separation.
To evaluate the influences of HCl concentration in the stripping solution on the transport of both
acids, experiments were carried out by adjusting the HCl concentration from 0.05 to 0.2 mol L−1.
As shown in Figure 10, variation of the HCl concentration in the stripping solution did not have a
dramatic effect on the total transport of both VFAs under these experimental conditions as per the
given maximum concentration values, which were 5.03, 5.29, 5.69 and 6.14 mmol L−1, respectively, for
used HCl concentrations of 0.05, 0.1, 0.15, and 0.2 mol L−1. The slight increase was due to the counter
transport of protons that provided a driving force for the transport process [55]. However, the effect of
HCl concentration on acetic acid was obvious. In particular, with an increase in the HCl concentration
from 0.1 to 0.15 mol L−1, the concentration of acetic acid in the stripping solution increased dramatically
from 1.07 to 1.78 mmol L−1, which resulted in the decrease of hexanoic acid purity in the stripping
solution. As observed in Figure 11, with an increase in the HCl concentration, the purity values
exhibited a decrease tendency. This is possibly related to the large quantitative transport of HCl in the
reverse manner, which led to the reduced transport of hexanoic acid in the stripping solution [58]. In
general, no discernible benefit was observed by improving the acid concentration, and it is desirable
that the acid concentration should be as low as possible for cost and safety reasons. Thus, the optimum
acid for back-extraction under transport conditions is 0.05 mol L−1HCl.
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Figure 10. The changes in the acid concentration in the stripping solution with different HCl
concentrations in the stripping solution (PIMs: PIM4; Feed solution: 0.01 mol L−1 acetic acid +0.01 mol
L−1 hexanoic acid, pH = 6; Stripping solution: 0.05, 0.1, 0.15 and 0.2 mol L−1 HCl).

Figure 11. Effect of HCl concentration on the purity of hexanoic acid (PIMs: PIM4; Feed solution:
0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid, pH = 6; Stripping solution: 0.05, 0.1, 0.15, and
0.2 mol L−1 HCl).

2.9. Adsorption Experiment

To further investigate the transport mechanism of both acids within the PIM using Aliquat 336
as the carrier, an adsorption experiment of the membrane was conducted to verify the difference in
transport efficiency between the two acids. As demonstrated in Figure 12, the adsorption amount of
hexanoic acid rose rapidly in a short period of time, whereas only a small amount of acetic acid was
adsorbed during the same time. The maximum adsorption capacity of hexanoic acid was 2.30 mmol
g−1, which was 10 times greater than that of acetic acid (2.30 mmol g−1). This means that hydrophilic
acetic acid finds it difficult to form ionic adducts with the carrier Aliquat 336 in the feed/membrane
interface, resulting in a lower transport and recovery efficiency of acetic acid.
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Figure 12. Adsorption capacity of PIM for acetic acid and hexanoic acid (PIMs: PIM4; Feed solution:
0.01 mol L−1 acetic acid +0.01 mol L−1 hexanoic acid, pH = 6).

2.10. Transport Experiment during Electrodialysis

In order to evaluate the feasibility of PIM in the transport and separation of both acids in
electrodialysis, a transport experiment combing electrodialysis with the PIM was carried out under a
current density of 5 mA cm−2. As can be seen in Figure 13a, the transport efficiency was remarkably
improved with an electric field was applied when compared with the obtained results without an
electric field (Figure 8c). Under the electric field condition, the concentrations of acetic acid and
hexanoic acid in the stripping solution reached 22.10 mmol L−1 and 21.55 mmol L−1, respectively,
after 3.5 h of operation. However, the concentration was only 1.38 and 7.22, respectively, after 12 h of
operation without the application of an electric field (Figure 8c). This is because the transport of acid
ions is accelerated when an electric field is applied. In addition, more acids may be dissociated and
quickly transported across the membrane under the effect of an electric field. Nevertheless, according
to the presented results, the concentration changes and recovery rates of both acids were very similar
to each other (Figure 13a,b). This indicates that the application of an electric field was not beneficial
to the selective separation of both acids. Moreover, the application of an electric field may overcome
the binding resistance of more hydrophilic acetic acid to the carrier on the membrane, thus greatly
increasing the transport efficiency. According to the investigation above, it can be concluded that
applying PIM to electrodialysis can dramatically improve the efficiency of the transport of both acids,
but is not conducive to their selective separation.
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Figure 13. (a) The changes of acid concentration in the feed and stripping solution and (b) the
recovery rate of both acids during electrodialysis (PIMs: PIM4; Feed solution: 0.05 mol L−1 acetic acid
+0.05 mol L−1 hexanoic acid, pH = 6; Stripping solution: 0.1 mol L−1 HCl; Current density: 5 mA cm−2).

3. Materials and Methods

3.1. Materials

Cyphos IL 101 (Merck Life Science Co., Ltd, Shanghai, China), Aliquat 336 (Alfa Aesar Chemical
Co., Ltd, Beijing, China), CTA (cellulose triacetate) (Acros Organics, New Jersey, USA), and DCM
(dichloromethane) (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) were used to cast the
PIMs. Hexanoic acid was purchased from Merck Life Science Co., Ltd. (Shanghai, China). Acetic acid,
HCl, H2SO4, NaOH, and Na2CO3 used in the experiments were of an analytical grade and purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were used without
further purification. Deionized water was used to prepare all aqueous solutions. The commercial
cation exchange membrane (CJMC-5) was obtained from Hefei Chemjoy Polymer Material Co. Ltd.
(Hefei, China).

3.2. Membrane Preparation

PIMs with CTA as the base polymer, and Cyphos IL 101 or Aliquat 336 as the carrier were prepared
using the solvent evaporation casting method, and the different compositions and proportions of PIMs
studied are listed in Table 2. The composition of each component was varied while ensuring the same
total amount of membrane matrix to ensure a consistent membrane thickness. The PIM components
with a total mass of 1.1 g was dissolved in 20 mL of DCM solvent, followed by stirring for 2 h using a
magnetic stirring bar at room temperature. The uniform casting solution was obtained after degassing
for 15 min. The solutions were then poured onto flat glass (13 × 13 cm) placed horizontally, and
covered with a watch glass to allow the slow evaporation of the DCM over 12 h. After the evaporation
of DCM, the resulting PIMs were then carefully peeled off the glass plate and stored at low temperature
for further experiments. The membrane thickness was determined by cutting the membrane in half
diagonally and measuring the thickness of 20 points along the cut edge. To acquire knowledge on the
surface morphology and characteristics of the membrane, the surface morphology of PIM4 and PIM6
were characterized using scanning electron microscopy (SEM) (Hitachi S-4800, Japan). The chemical
structures of CTA and ionic liquids used in the experiment are shown in Figure 14.
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Table 2. The information of the PIM composition and proportion.

Membrane
Number

Base Polymer (wt%) Carrier (wt%) Total Weight
(g)

Thickness
(μm)CTA Aliquat 336 Cyphos IL101

1 70 30 1.1 58.1 ± 5.1
2 60 40 1.1 57.8 ± 6.2
3 50 50 1.1 58.6 ± 5.6
4 40 60 1.1 60.4 ± 5.2
5 30 70 1.1 59.6 ± 8.7
6 40 60 1.1 61.4 ± 4.6

Figure 14. The chemical structures of the polymer and ionic liquids.

3.3. Transport Experiments

Transport experiments were conducted at approximately 25 ◦C in a device that comprised two
equal transport cells (thickness, 1 cm) in contact through a PIM membrane with an exposed membrane
area of 20 cm2. The experimental apparatus is presented in detail in Figure 15a. The feed solution
contained 250 mL of VFA (acetic and hexanoic acids) solution and the stripping solution contained
250 mL of Na2CO3 or HCl solution. The pH value in the feed solution was adjusted by the NaOH and
HCl solution. The entire two cell solutions were driven by pumps at a certain flow rate of 300 mL min−1.

Unlike the above transport experiments, the ED experiment was performed using the ED stack
comprised of two titanium electrode boards coated with rare metals (ruthenium) and four cells
(Figure 15b). Four cells were separated by one prepared PIM and two CJMC-5 commercial cation
exchange membranes. The thickness of the cells and the effective membrane area was also 1 cm and
20 cm2, respectively. The feed solution contained 250 mL 0.05 mol L−1 VFA (acetic and hexanoic acids)
solution and the stripping solution contained 250 mL 0.1 mol L−1 HCl solution. Two electrode cells
were pumped with the same concentration of 250 mL 0.1 mol L−1 H2SO4 solution. The constant current
mode was supplied by a DC power supply (MCH-k305D, Shenzhen, China) with a current density of
5 mA cm−2. Other experimental conditions were the same as the above experiment.

In all experiments, samples for VFA (acetic and hexanoic acids) analysis were taken periodically
from both cells using a micropipette and a chemical determination was performed using a high
performance liquid chromatography (HPLC) unit equipped with a UV detector (210 nm) (Agilent
Corp., Santa Clara, CA, USA). An ion exchange column (Aminex HPX-87H) (300 × 7.8 mm, Bio-Rad,
Hercules, CA, USA) was used at a temperature of 60 ◦C with a 5 mmol L−1 H2SO4 solution as an eluent
at a flow rate of 0.6 mL min−1.
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Figure 15. The experimental apparatus for the selective separation of VFAs (a) without the application
of an electric field and (b) with the application of an electric field (1: Cation exchange membrane; 2:
PIM; F: Feed solution; S: Stripping solution; E: Electrode solution).

3.4. Adsorption Capacity Test

The adsorption experiment was carried out using a CTA-60 wt% Aliquat 336 membrane to study
its difference in the adsorption capacity of both acids. Membrane segments of an equal size were
weighed and immersed into the feed solution containing 150 mL of 0.01 mol L−1 acetic and hexanoic
acids, respectively. The solution was stirred using a constant temperature oscillator at 100 rpm and
1 mL samples were withdrawn at predetermined times, which were replaced with 1 mL of fresh
aqueous feed solution for the purpose of keeping the aqueous feed solution volume constant. The
samples were analyzed subsequently and the adsorption capacity of the membrane was obtained
by calculation.

3.5. Data Processing

Adsorption capacity qe (mol g−1) of the membrane were calculated using Equation (3):

qe =
(Ci −Ce)·V

m
(3)

where qe is the equilibrium adsorption capacity for VFAs (mol g−1). Ci and Ce are the concentrations
of the initial and equilibrium VFA feed solutions (mol L−1), respectively; V is the volume of the feed
solution (L); and m is the measured mass of the PIM segments (g).

The extraction rate E (%) of the VFAs from the feed solution was calculated based on Equation (4):

E =
C0 −Cf

C0
× 100% (4)

where C0 is the concentration of VFAs in the feed solution after transport (mg L−1), and C f is the initial
concentration of VFAs in the feed solution (mg L−1).

The recovery rate R (%) of VFAs from the PIM was determined by Equation (5):

R =
CS

C0
× 100% (5)

where Cs is the concentration of VFAs in the stripping solution after transport.
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The kinetics of the transport process through the PIM can be described by a first order reaction
with respect to VFA concentration.

ln
(

Cf

C0

)
= kt (6)

where k is the transport process rate constant (s−1), and t is the transport time (s).The relationship of
ln(C f /C0) vs. time was linear, which was verified by the high values of the correlation coefficients (R2)
ranging between 0.983 and 0.991.

The permeability coefficient P (μm s−1) was determined via Equation (7):

P =
V
A
× k (7)

where V is the volume of the feed solution (m3), and A is the effective area of the membrane (m2).
The purity (%) of an individual VFA in the stripping solution was calculated using Equation (8):

Purity =
Cs

Ct
× 100% (8)

where Cs is the concentration of an individual VFA in the stripping solution after transport (mol L−1),
and Ct is the concentration of total VFAs in the stripping solution (mol L−1).

The average values of three parallel samples were utilized as the experimental data. The errors of
all three experiments were all less than 5%. The obvious differences between each group was evaluated
using Tukey’s multiple range tests, with P < 0.01 as an obvious difference.

4. Conclusions

The transport and recovery of VFAs (acetic and hexanoic acids) though a PIM containing Aliquat
336 and Cyphos IL 101 as the carrier were investigated. The more hydrophobic hexanoic acid was much
more selectively transported than that of acetic acid through PIMs. PIM with 60 wt% Aliquat 336 as the
carrier was proven to have a more efficient separation performance. A larger initial concentration of
VFAs tended to give a much higher purity of hexanoic acid in the stripping solution, which was 89.3 %
at the maximum concentration of 0.05 mol L−1. Furthermore, the use of Na2CO3 as a stripping solution
achieved a much higher transport efficiency of the total VFAs when compared with HCl, whereas the
purity of hexanoic acid in the stripping solution decreased from 81.8% to 50.8%. Additionally, the
higher the concentration of HCl in the stripping solution, the lower the purity of the hexanoic acid.
The efficient transport of the acid radical ions in an alkaline solution demonstrated that the transport
mechanism was a coordinating mechanism of hydrogen bonding and ion-exchange. Moreover, the
incorporation of electrodialysis and PIM resulted in a remarkable improvement in the transport
efficiency of both acids, while selective separation was not achieved. The results in this study reveal
that the PIM containing Aliquat 336 offers considerable potential for the selective separation of VFAs
from aqueous solutions.
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Abstract: Ion pair amphiphile (IPA), a molecular complex composed of a pair of cationic and anionic
amphiphiles, is an inexpensive phospholipid substitute to fabricate vesicles with various pharmaceutical
applications. Modulating the physicochemical and permeation properties of IPA vesicles are important
for carrier designs. Here, we applied molecular dynamics simulations to examine the cholesterol effects
on the structures, mechanics, and water permittivity of hexadecyltrimethylammonium-dodecylsulfate
(HTMA-DS) and dodecyltrimethylammonium- hexadecylsulfate (DTMA-HS) IPA bilayers. Structural
and mechanical analyses indicate that both IPA systems are in gel phase at 298 K. Adding cholesterol
induces alkyl chain ordering around the rigid sterol ring and increases the cavity density within the
hydrophilic region of both IPA bilayers. Furthermore, the enhanced alkyl chain ordering and the
membrane deformation energy induced by cholesterol increase the permeation free energy penalty.
In contrast, cholesterol has minor effects on the water local diffusivities within IPA membranes. Overall,
the cholesterol reduces the water permittivity of rigid IPA membranes due to the synergistic effects
of increased alkyl chain ordering and enhanced membrane mechanical modulus. The results provide
molecular insights into the effects of molecular packing and mechanical deformations on the water
permittivity of biomimetic IPA membranes, which is critical for designing IPA vesicular carriers.

Keywords: biomimetic membrane; ion pair amphiphile; cholesterol; molecular dynamics; water permeation

1. Introduction

Phospholipid is an amphiphilic biomolecule and the major component of cell membranes.
Phospholipids can self-assemble in vitro into lipid vesicles, also termed liposomes, which can
carry both hydrophilic and hydrophobic substances within the hydrophilic core and the bilayer
shell, respectively [1]. Liposomes have been widely applied in pharmaceutics to modify drug
adsorption, prolong drug biological half-life, and reduce drug toxicity and metabolism [2–4]. Other
than phospholipids, studies have demonstrated the formation of vesicles with various amphiphiles,
including ionic or non-ionic surfactants, and polymers [5]. Kaler et al. first demonstrated the
spontaneous vesicle formation from the mixture of hexadecyltrimethylammonium tosylate and
sodium dodecylbenzene sulfonate, and the resulting vesicles are termed “catanionic vesicles” [6].
Further removing residual counter ions from a 1:1 molar mixture of cationic/anionic amphiphiles
results in a molecular complex termed ion pair amphiphile, IPA, where the cationic and anionic
head groups are held together via electrostatic attraction. A dicatenar IPA complex composed
of a pair of single-chain ionic amphiphiles is therefore a pseudo-double-tailed bio-mimic to a
zwitterionic phospholipid, e.g., phosphatidylcholine and phosphatidylethanolamine. As liposome
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substitutes, IPA vesicles have great potentials in cosmetics, transdermal delivery, and pharmaceutical
applications [7,8].

Compared with liposomes, IPA vesicles have the advantage of high chemical stability against
hydrolysis. Yet, IPA vesicles in general have lower physical and colloidal stability. Common strategies
to improve the colloidal stability of catanionic vesicles include inter-vesicular and intra-vesicular
modifications [7]. The inter-vesicular repulsion between catanionic vesicles, for instance, can be
achieved by introducing additional charged double-tailed amphiphile into the dicatenar IPA
vesicles [9–11]. In addition, the electrostatic repulsion therefore prohibits the vesicle collisions,
improving the long term colloidal stability. The intra-vesicular modifications can be accomplished via
introducing stabilizing additives such as cholesterol that strengthen the stability and the mechanical
properties of the IPA vesicular bilayer [12–14]. Cholesterol is a common biological membrane additive
known to alter the mechanical properties and fluidity of the lipid membranes. Previous simulation
study by Kuo et al. demonstrated that cholesterol stabilizes alkyltrimethylammonium-alkylsulfate IPA
bilayers in a similar manner as lipid bilayers [13]. Our preliminary simulation study on the same IPA
membrane systems mixed with cholesterol further illustrated that cholesterol preferential interacts
with anionic alkylsulfate, increasing the contribution of anionic component to the overall mechanical
modulus [14,15].

At a given temperature, a lipid bilayer can exist in either gel (solid, S) or fluidic (or liquid
disordered, Ld) phase. The S phase is a solid-like phase where most alkyl chains are aligned within
the hydrophobic region of the bilayer; while in the Ld phase, lipid molecules have more disordered
hydrophobic chains and can diffuse freely in lateral dimensions. For a Ld phase phospholipid
bilayer, adding cholesterol can induce the ordering of neighboring alkyl chains by the rigid sterol
ring, leading to an increased local membrane rigidity [16]. In contrast, adding cholesterol into a
S phase lipid bilayer disrupt the packing of nearby hydrocarbon chains. Biomimetic IPA bilayers
exhibit similar phase properties to the phospholipid bilayer systems [17,18]. Also, the cholesterol
additives give rise to similar effects on the IPA bilayer’s phase behavior and mechanical properties as
the phospholipid bilayers [19]. Recent studies showed that high cholesterol content can stabilize the
IPA vesicles, possibly due to the vanishing of the local phase separation [20]. These results demonstrate
a close structural correlation and similar response to cholesterol between the biomimetic IPA and the
lipid bilayer system.

A nonspecific diffusion for the substance permeating across the bilayer, also denoted as the passive
membrane transport, is driven by the concentration gradient [21]. Theoretically, the permeation of
a substance is characterized by the permeation coefficient P, which is related to the molecular flux J
across a bilayer and the concentration gradient Δc [22,23]:

P =
J

Δc
. (1)

A common permeation model for a lipid bilayer is the inhomogeneous solubility-diffusivity
model, in which the permeability across a membrane with the thickness h is expressed as [23,24]:

1
P
=

∫ h

0

1
K(z)D(z)

dz (2)

where K(z) and D(z) are the position-dependent partition coefficient and diffusion coefficient of the
target substance. The model combined with computer simulation have been applied to study the
rates and molecular mechanisms of the permeation of various molecules across bilayers [21,25–28].
The factors affecting the membrane permittivity include the composing lipids, the corresponding
phases, and the packing characteristics, etc. In general, S phase lipid bilayers exhibit higher mechanical
strength and lower membrane permittivity. Also, liposomes composed of saturated lipids with
cholesterol exhibits lower membrane permittivity. Recent studies further showed that the fluctuations
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in the membrane conformation and the potential energy are critical to the permeation of hydrophilic
molecules [29].

Passive transport is the mechanism for most of small neutral molecules and drug molecules.
Hence, it is important to understand the process of passive permeation for medical and pharmaceutical
applications. In this work, we applied molecular dynamics (MD) simulations to characterize the
water permittivity of the biomimetic IPA membrane. Our early studies demonstrated the molecular
effect of cholesterol on modulating the structural and mechanical properties of IPA membranes [14].
Here, we further examined on the mechanisms of cholesterol on modulating the IPA membrane
permittivity form the structural, thermodynamic, and kinetic perspectives. The combined results
provides important insights into IPA vesicle leakage stability and the membrane permeation of
hydrophilic substance.

2. Results and Discussion

The target IPA series were the hexadecyltrimethylammonium-dodecylsulfate (HTMA-DS,
CH3(CH2)15N(CH3)+3 -CH3(CH2)11SO−

4 ) and dodecyltrimethylammonium-hexadecylsulfate (DTMA-
HS, CH3(CH2)11N(CH3)+3 -CH3(CH2)15SO−

4 ), which have inverse alkyl chain asymmetry as illustrated
in Figure 1. All molecular dynamics (MD) simulations were conducted under the isothermal-isobaric
condition at 1 bar and 298 K. According to early experimental and simulation works, both systems
are in S phase at 298 K [15,17]. Different cholesterol (Chol) concentrations were introduced into IPA
bilayers to investigate the molecular effects of cholesterol on modulating the water permittivity of the
biomimetic IPA membrane. The molecular compositions for the two IPA-Chol bilayer systems utilized
in the presented MD studies are listed in Table 1.

Figure 1. Molecular structures of HTMA-DS, DTMA-HS IPA complexes, and cholesterol. The representative
bilayer structures of pure IPA and IPA-Chol systems are also shown, where the molecule color codes are:
alkyltrimethylammonium in blue, alkylsulfate in yellow, and cholesterol in red. Graphics were generated
using VMD package [30].

Table 1. Compositions of bilayer systems comprising HTMA-DS or DTMA-HS IPA, cholesterol (Chol)
and water with the mole fraction of cholesterol (XChol) ranged from 0 to 0.5.

System XChol NIPA NChol Nwater

0 128 0
HTMA-DS 0.094 116 12

or 0.203 102 26 3464
DTMA-HS 0.375 80 48

0.5 64 64

2.1. Bilayer Structural and Mechanical Properties

It is known that cholesterol can alter the structural and mechanical properties of lipid and IPA
bilayers. To characterize the effect of cholesterol on the S phase HTMA-DS and DTMA-HS IPA bilayer
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structures, we first analyzed the alkyl chain conformation and ordering via deuterium order parameter
(|SCD|) and gauche conformer fraction. In MD simulation, the deuterium order parameter, |SCD|,
can be evaluated as: [31,32]

SCD =
1
2
〈3cos2(θ)− 1〉, (3)

where θ denotes the angle between the C-H bond and the bilayer normal, and the angle brackets
represent the ensemble average. According to the study by Chen et al., a Ld phase IPA bilayer
has the |SCD| profile smaller than 0.3, and a S phase lipid bilayer has the one larger than 0.3 [15].
Meanwhile, the gauche fraction is evaluated as the fraction of gauche conformers along alkyl chains,
where a gauche conformer is defined for the alkyl dihedral angle between −120 and 120 degrees.
Smaller gauche fraction values indicate the higher chain ordering with more extended alkyl chains [33].
Chen et al. also determined the threshold gauche faction of 0.15 to distinguish Ld and S phase [15].

For both pure IPA bilayer systems, i.e., HTMA-DS and DTMA-HS systems, the |SCD| profiles
have the plateau values of 0.45 and the gauche fraction profiles have the plateau values below
0.15 as illustrated in Figure 2. These results confirm that both pure HTMA-DS and DTMA-HS
IPA bilayers are in S phase at 298 K. Upon the addition of Chol, the |SCD| values increase and the
gauche fractions decrease with Xchol for the middle alkyl segments of all the surfactant species in both
IPA systems. This suggests that the chain order is enhanced by the rigid sterol ring of cholesterol.
Furthermore, the HTMA-DS-Chol system has slightly higher |SCD| and lower gauche fraction than
the DTMA-HS-Chol system, particularly near the terminus of alkyl chains. This indicates that the
HTMA-DS bilayer have higher alkyl chain ordering than the DTMA-HS system, due to the intrinsic
alkyl chain mismatch between the alkyltrimethylammonium and alkylsulfate [15].
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Figure 2. The deuterium order parameter (|SCD|) profiles at various Xchol of (a) HTMA and (b) DS
components for HTMA-DS-Chol systems and (c) DTMA and (d) HS components for DTMA-HS-Chol
systems are shown in top panels. Also, the gauche fraction profiles at various Xchol along the alkyl
chains of (e) HTMA and (f) DS components for HTMA-DS-Chol systems and (g) DTMA and (h) HS
components for DTMA-HS-Chol systems are shown in bottom panels.

Several experimental and simulation studies showed that cholesterol can alter the molecular
packing within a lipid membrane and modulate the water permeability of the membrane [34,35].
Here, we calculated the cavity density Pcav along the bilayer normal to probe the effects of cholesterol
on the alkyl chain packing for HTMA-DS and DTMA-HS IPA membranes. The cavity density profile
Pcav was evaluated using a uniform grid of the 0.5 Å gridsize [34]. Each bin was examined for
any atom occupation to calculated the probability density at position z. As shown in Figure 3,
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the cavity density profiles for pure IPA systems peak at the bilayer center and is reduced to near 0.3
at z = 0.6–1.8 nm, similar to that for the lipid bilayers [34]. The low Pcav region for the HTMA-DS
system is wider than the DTMA-HS membrane, which can be correlated with the higher alkyl chain
ordering within the HTMA-DS bilayer. Further adding cholesterol reduces the Pcav values in the
range of z = 0.6–1.4 nm, where the sterol ring are populated. In contrast, the Pcav in the region of
z = 1.4–2.0 nm increases with the cholesterol concentration. These effects of cholesterol on the Pcav

values become increasingly significant starting from Xchol = 0.203. This can be correlated with the
variations on the alkyl chain ordering as shown by the |SCD| and gauche fraction analyses in Figure 2.
The reduction of Pcav around the alkyl middle segments indicates a induced molecular packing by
cholesterol which lowering the nearby free cavity. Similar effects have been reported on DPPC-Chol
and sphingolipid membranes [34]. Yet, the increased Pcav near the hydrophilic region for IPA-Chol
systems differ from the those reported for lipid membranes, in which cholesterol also reduces the Pcav

near the hydrophilic region [34]. The reported lipid-cholesterol membrane studies were focusing on
the lipid systems in Ld phase, compared with the S phase IPA bilayers in this work. According to
previous studies on IPA systems, adding cholesterol into S phase IPA bilayers can increase the spacing
between IPAs [13,14]. Thus, adding cholesterol disrupts the molecular packing within the hydrophilic
region for both HTMA-DS and DTMA-HS bilayers, leading to increased cavity probability near the
membrane surface.

0 1 2 3
z (nm)

0.25

0.3

0.35

0.4

0.45

0.5

P ca
v

0
0.094
0.203
0.375
0.500

(a) HTMA-DS-Chol

0 1 2 3
z (nm)

0.25

0.3

0.35

0.4

0.45

0.5

P ca
v

(b) DTMA-HS-Chol

Figure 3. Cavity density profile Pcav(z) of (a) HTMA-DS-Chol and (b) DTMA-HS-Chol bilayers at
various Xchol with the standard deviations of less than 0.015. Error bars are not shown for clarity.

To characterize the effects of cholesterol on the mechanical properties of the IPA bilayers,
we calculated the area compressibility modulus KA, the molecular tilt modulus χ, and the bending
modulus KC. For the pure IPA bilayers, as shown in Figure 4, all three moduli (KA, χ, and KC)
for HTMA-DS system are greater than those for the DTMA-HS system. This is attributed to the
higher alkyl chain ordering within in the HTMA-DS system, as illustrated by the |SCD| and gauche
fraction analyses in Figure 2. The KA and χ values for both pure IPA systems are higher than the
reported threshold values of KA = 700 mN/m and χ = 13 kBT/rad2, respectively [15]. This also
suggests that both HTMA-DS and DTMA-HS are in S phase at 298 K. After introducing cholesterol,
the mechanical moduli for both IPA membranes increases. Such mechanical enhancement can be
corresponded to the enhanced ordering of the middle alkyl chain segment induced by the rigid
sterol ring of cholesterol. Around Xchol = 0.375, both KA and χ are at their maxima while KC
dramatically increase for both IPA-Chol systems. This is due to the competing effects among the
induced ordering at the middle alkyl segment, the disordering at the alkyl tails, and increased spacing
within the hydrophilic regions induced by cholesterol addition, consistent with the results reported by
Huang et al. [14]. Furthermore, the DTMA-HS-Chol bilayers generally have lower mechanical strength
than the HTMA-DS-Chol systems. This can be attributed to the more disordered alkyl tail region
within the DTMA-HS-Chol membranes.
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bilayers at various Xchol: (a) the area compressibility modulus KA, (b) molecular tilt modulus χ, and (c)
bending modulus KC.

2.2. Free Energy of Water Crossing IPA-Chol Bilayer

According to the inhomogeneous solubility-diffusivity model as described in Equation (2),
the water permittivity of the membrane depends on both the partition coefficient K(z) and the diffusion
coefficient D(z) of the permeate water in the membrane [23,24]. The position-dependent partition
coefficient K(z) can be related to the free energy of permeation ΔG(z) as:

K(z) = e−ΔG(z)/kBT . (4)

where kB and T denote the Boltzmann constant and the temperature, respectively. In this work,
we calculated the free energy profiles for a water molecule across the HTMA-DS-Chol and
DTMA-HS-Chol bilayer systems, as shown in Figure 5. As the permeate water goes from the bulk
phase toward the membrane interior of both pure HTMA-DS and DTMA-HS bilayers, the free energy
starts raising at around 2.2 nm, close to the average positions of the IPA head groups at 2 nm. The free
energy keeps increasing as the water moves toward the center of the bilayer, which can be attributed
to the membrane hydrophobic region. Please note that there exhibits a local free energy minimum
near the membrane center. Such free energy local minimum is a common feature for lipid bilayers in S
phase [28,36,37], compared with the free energy barrier with a narrow plateau near the core observed
for lipid bilayers in Ld phase [34,38]. This again supports that both IPA membranes are in S phase
at 298 K. The local free energy minimum observed for IPA bilayers is resulted from the void near
the bilayer center as shown in Figure 3, which is originated from the alkyl chain mismatch between
two IPA components [13,14]. The void space with locally lowered density provides the penetrating
water molecule a relatively stable region in the membrane hydrophobic region. For pure IPA bilayers,
a larger mismatch near the membrane core is observed in DTMA-HS bilayer [15]. As illustrated by the
lower cavity density for the DTMA-HS system in Figure 3, the voids near the bilayer center are hence
filled with less ordered DTMA-HS alkyl tails. This results in a wider and higher basin around the free
energy minimum for the DTMA-HS system.
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Figure 5. The free energy profiles (top panels) and the membrane bending energy profiles during water
permeation for (a) HTMA-DS-Chol and (b) DTMA-HS-Chol bilayers at various Xchol. In addition (c) the
representative membrane surface with maximum bending energy at z = 1.2 nm, and the superimposition
of the surface with the bilayer structure where the permeant water oxygen is labeled with red sphere.
Graphics were generated using VMD package [30].

With low amount of cholesterol addition (Xchol = 0.094), the free energy profiles for water
permeation for both IPA systems are only slightly affected where the locations of the maxima
remain but the barrier heights reduces 1–2 kJ/mol. When adding a few cholesterol into the S
phase IPA membranes, the cholesterol only marginally increases the alkyl chain ordering shown
in Figure 2. Meanwhile, low amount of cholesterol slightly increase the cavity density in the
region around z = 1 nm, which corresponds to the minor reduction of free energy barriers for both
HTMA-DS-Chol and DTMA-HS-Chol systems. With the cholesterol addition of Xchol > 0.203, the water
permeation free energy for both IPA bilayers increases. This is attributed to the changes in the cavity
density starting at Xchol = 0.203. The increased barriers observed for both IPA-Chol system at z = 1 nm
can be related to the reduction cavity in the region of z = 0.6–1.4 nm induced by the ordering effect of
the cholesterol sterol ring. Comparing the two IPA systems, both IPA systems have the permeation
barrier of around 30 kJ/mol for Xchol ≤ 0.203. Further increasing Xchol > 0.375, the HTMA-DS-Chol
bilayers exhibits larger free energy barrier than the DTMA-HS-Chol bilayers, which is partly attributed
to the more ordered structure in the HTMA-DS-Chol systems.

As the permeate water entering the membrane, it can cause local membrane deformation as
demonstrated by the representative simulation snapshot in Figure 5. Such membrane deformation
indicates that the membrane mechanical energy also affects the water permeation across a S phase
IPA membrane. To characterize the contribution of the membrane deformation to the overall free
energy, we evaluated the bending energy ΔEbend using the Helfrich free energy via integration over
the membrane surface [39]:

ΔEbend =
∫ KC

2
(c1 + c2)

2 dA, (5)
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where KC is the bending modulus. The parameters c1 and c2 denote the two principal curvatures,
and can be obtained from the membrane height field h(x, y) defined as the positions of the bilayer
headgroups in the normal direction [40]. Here, the membrane height field h(x, y) was approximated as:

h(x, y) =
2

∑
m=0

2

∑
n=0

(
am,nsin(

2mπ

Lx
+

2nπ

Ly
) + bm,ncos(

2mπ

Lx
+

2nπ

Ly
)

)
, (6)

where (Lx, Ly) and (m, n) denote the system box size and the wave vectors in x and y dimensions,
respectively; and am,n and bm,n are the fitting parameters for the surface h(x, y). The analytical
expression of h(x, y) thus allowed us to determine c1 and c2 for any (x,y) coordinate on the
membrane surface.

As illustrated in Figure 5, the membrane bending energy profile for water permeation have the
maximum at z = 1.2 nm, close to the free energy barrier at z = 1 nm. This suggests that the membrane
deformation also provides additional water permeation barriers of the IPA membrane. As the Xchol
increases, the bending energy barrier also raises due to the enhanced bending modulus KC as shown
in Figure 4. However, the HTMA-DS-Chol system with Xchol = 0.375, despite of its smaller KC, has a
higher bending energy than the Xchol = 0.5 system. This is because the high KC for the Xchol = 0.5
reduces the deformation of the membrane, resulting in smaller surface curvatures and hence a lower
bending energy barrier. Please note that in the region of z = 1.4–2.0 nm, the Pcav increases with Xchol,
which should lead to decreased free energy. Yet, the variation of ΔEbend is more dominate over the
cavity effect when adding cholesterol, leading to overall increased free energy in the hydrophilic
region. According to our early study on comparing IPA and phospholipid bilayers, IPA membranes
have higher mechanical strength than lipid systems [18]. Hence, the effects of membrane deformation
should be considered for the water permeation across most types of IPA bilayers. Comparing the two
IPA-Chol systems, the membrane bending energy for HTMA-DS-Chol systems are greater than that
for DTMA-HS-Chol systems when Xchol > 0.375, attributed to the higher KC of the HTMA-DS-Chol
systems. This also contributes to a higher permeation free energy of HTMA-DS-Chol membranes with
high cholesterol content.

2.3. Water Permittivity of IPA-Chol Bilayer

Other than the permeation free energy ΔG(z), the position- dependent diffusion coefficient D(z)
is also an important parameter to evaluate water permittivity of IPA-Chol Bilayer. Here, we calculated
the local diffusion coefficient using the force autocorrelation function [21]:

D(z) =
(RT)2∫ ∞

0 〈ΔFz(t)ΔFz(0)〉 dt
(7)

where R is the gas constant and ΔFz(t) = Fz(t) − 〈Fz〉 is the instantaneous force deviation from
the mean force along the bilayer normal. As shown in Figure 6, the local diffusivity profiles for all
IPA-Chol bilayers show plateau of lower D(z) at around 1.4 to 2 nm. In this region, water molecule
experiences both the hydrophobic repulsion from the carbon segments and the hydrophilic association
from the polar groups, leading to slower dynamics, similar to that observed in the lipid systems [34].
In addition, the alkyl chain ordering altered by cholesterol addition does not significantly affect the
local diffusivity profile near the hydrophobic region. As the permeate water entering the bilayer,
the membrane deformation can decreases the nearby alkyl chain ordering, leading to increased local
diffusivity. Such effects can be observed for HTMA-DS-Chol system in the range of z = 0.6–1.2 nm:
the packing disruption induced by deformation enhances with increased Xchol, resulting in increased
local diffusivity in the region. However, compared with the large dependency of the free energy
profile on the cholesterol concentration, the local diffusivity profiles exhibit less obvious changes upon
varying Xchol.
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Figure 6. The local diffusivity profiles D(z) of the permeant water for (a) HTMA-DS-Chol and
(b) DTMA-HS-Chol bilayers at various Xchol.

With the results of free energy profiles and local diffusivity profiles shown in Figures 5 and 6,
respectively, the local permeation resistance Rlocal(z) can be calculated as [23]:

Rlocal(z) =
1

K(z)D(z)
=

eΔG(z)/kBT

D(z)
. (8)

Figure 7 shows the local permeation resistance profile for the HTMA-DS-Chol and
DTMA-HS-Chol systems. Comparing the free energy profiles and local diffusivity profiles, the overall
variation in local diffusivity has little dependence on Xchol. Hence, the local resistance difference
depends primarily on the variance in the free energy of permeation. For all the systems containing
cholesterol, the region between 0.6 to 1.4 nm shows higher local resistance than other regions,
corresponding to where cholesterol sterol rings reside. This suggests that the enhanced alkyl chain
ordering and reduced cavity density induced by cholesterol addition decreases the water local
permeation. In addition, with cholesterol addition, the increased permeation free energy induced
by the enhanced mechanical modulus leads to the increased Rlocal(z) in the hydrophilic region of
z = 1.4 − 2.0 nm.
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Figure 7. The local permeation resistance profiles Rlocal(z) for (a) HTMA-DS-Chol and (b) DTMA-HS-Chol
bilayers at various Xchol.

Integrating the values of local resistance along the permeation path yields the overall permeation
resistance, or the reciprocal of permeability:

R =
1
P
=

∫
Rlocal(z) =

∫ eΔG(z)/kBT

D(z)
(9)

Figure 8 shows the resulting permeabilities for HTMA-DS-Chol and DTMA-HS-Chol bilayers.
Compared with two IPA-Chol system, the DTMA-HS-Chol membrane has lower permeability,
resulting form the lower cavity density near the bilayer center where the voids between two leaflet
filled with less ordered alkyl tails. Since Rlocal(z) primarily depends on the permeation free energy,
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the variations in permeability can be mainly interpreted by the free energy changes induced by
cholesterol. For both types of IPA-Chol systems, the permeabilities increase at Xchol = 0.094 due to the
slightly decreased free energy barrier. When further increasing Xchol, the permeabilities dramatically
decrease 1-2 orders of magnitudes. Above Xchol = 0.375, the permeabilities for both IPA-Chol
membranes become similar and decline to 2.3−6 cm/s for HTMA-DS-Chol and 4.6 × 10−6 cm/s
for DTMA-HS-Chol at Xchol = 0.5. Such permeability reduction results from the synergistic effects
of induced alkyl chain ordering and the enhanced membrane bending mechanics upon cholesterol
addition. Please note that adding cholesterol into phospholipid bilayers may induced local phase
seperation, resulting in a complex permittivity response [28]. Yet, no local phase domains were
observed in this work, possibly due to the relatively small system size. In addition, the phase domain
effect on the IPA membrane permittivity will be examined in the future.
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Figure 8. The water permittivity coefficients for HTMA-DS-Chol (black circle) and DTMA-HS-Chol
(red square) bilayers as a function of cholesterol concentration Xchol.

3. Materials and Methods

3.1. Simulations Details

All molecular dynamics (MD) simulations were conducted with Gromacs 5.0.4 package with
periodic boundary conditions applied in all three dimensions [41,42]. Each system was composed
of 128 IPA and cholesterol with 64 molecules per leaflet and fully hydrated with 3464 water
molecules. The initial configurations for the HTMA-DS-Chol and the DTMA-HS-Chol bilayers were
constructed via Packmol [43]. All simulations were performed using the isothermal-isobaric (NPT)
ensemble. Temperature and pressure were maintained at 298 K and 1 bar using the Nosé-Hoover and
semi-isotropic Parrinello-Rahman algorithm, respectively [44–47]. The Lennard-Jones and short-range
electrostatic potentials were cut off at 1.2 nm where the Lennard-Jones interactions were smoothly
shifted to zero starting from 0.8 nm. Long-range electrostatic interactions were evaluated using Particle
mesh Ewald (PME) method [48,49]. All bonds were constrained at their equilibrium length using
the LINCS algorithm [50]. A 2 fs integration timestep was used to evaluate the equations of motions
of atoms.

The CHARMM36 united-atom (C36-UA) force field parameters were applied for IPA and
cholesterol molecules and the TIP3P model for water [51–53]. This force field combination have
been used in various MD studies on alkyltrimethylammonium-alkylsulfate iPA and phospholipid
bilayers [15,51]. Each bilayer system was first energy minimized via the steepest descent minimization
algorithm, then equilibrated at 348 K and 1 bar for 40 ns to ensure the bilayer in Ld phase. The IPA
bilayer system was then annealed from 348 K to 298 K with a 2.5 K/ns cooling rate, allowing the bilayer
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to naturally transition to S phase. After the annealing process, each simulation was first equilibrated at
298 K and 1 bar for 40 ns followed by a production run of 160 ns, in which system configurations were
saved every 10 ps for analyses of the membrane structural and mechanical characteristics. All analyses
were conduced with the in-house codes following the algorithms described in the main text.

3.2. Mechanical Modulus

To characterize the mechanical properties of the IPA-Chol bilayers, we calculated three different
mechanical moduli, including the area compressibility modulus KA, the molecular tilt modulus χ,
and the bending modulus KC. The area compressibility modulus KA characterizes the bilayer resistance
against the membrane lateral deformation and can be calculated from MD trajectories as [54,55]:

KA =
kBT 〈Amol〉
N

〈
δA2

mol
〉 , (10)

where kB is the Boltzmann constant, T is the simulated temperature, 〈Amol〉 is the average lateral area
per molecule,

〈
δA2

mol
〉

is the variance of Amol , and N = 64 denotes the number of the molecule per
leaflet in our simulation. Meanwhile, the molecular tilt modulus, χ, characterizes the resistance against
the alkyl chain tilting within the bilayer, and can be obtained via the quadratic fitting to the free energy
profile of molecular tilting F(α) [56,57]. In addition, the tilting free energy profile F(α) was evaluated
from the Boltzmann inversion of the normalized tilt angle distribution P(α):

F(α) = −kBTln
[

P(α)
sin(α)

]
= F(α0) +

χ

2
(α − α0)

2 , (11)

where α denotes the molecular tilt of the alkyl chain, sin(α) is the normalizing Jacobian factor, and
F(α0) is the free energy minimum at the equilibrium tilt angle α0. Here, α was defined as the angle
between bilayer normal and the alkyl chain direction vector, i.e., the vector connecting the first and
the second last carbons of the alkyl chain. Lastly, the bilayer bending modulus KC characterizes the
energetic costs of the membrane bending deformations. Here, we extracted KC of IPA-Chol bilayers
from MD simulations using the spectrum approach based on the modified Helfrich-Canham theory [40].
The bilayer deformation is quantified during the simulation via the height field h(x, y) defined as the
positions of the bilayer hydrophilic groups in the normal direction. After Fourier transform, the power
spectrum of the height fluctuations is predicted as a function of the wavefactor q [58]:

〈|h(q)|2〉 = kBT
KCq4 +

kBT
χq2 , (12)

which includes the contributions of membrane bending and lipid tilting to the overall deformations.

3.3. Permeation Free Energy Calculation

The permeation free energy profiles of water across IPA-Chol bilayers were evaluated with the
constrained molecular dynamics as a function of the z distance between the permeant water and the
membrane center of mass, z [59]. Each simulation was conducted by constraining at a fixed z value
with a stiff harmonic spring constant of 105 kJ/mol/nm2. A total of 15 constraint values were chosen
every 0.2 nm in the range of 0 to 2.8 nm. For each z value, 10 different initial configurations were used
to obtain the sufficient ensemble sampling. The 10 configurations were extracted every 1 to 10 ns from
a 100 ns trajectory of NPT equilibrium simulation. In each extracted configuration, one water molecule
was inserted randomly into free cavity at a desired z location. Then, an energy minimization was
applied to eliminate the bad contacts between the inserted water and the surrounded atoms. With these
15 times 10 configurations, constrained MD runs were carried out for 500 ps each at fixed z locations
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under the canonical (NVT) ensemble to record the mean constraint forces 〈 f (z)〉. The permeation free
energy, ΔG(z) was then obtained from the mean constraint forces via thermodynamic integration:

ΔG(z) =
∫ 2.8 nm

0
〈 f (z)〉dz. (13)

Please note that the instantaneous constraint forces f (z) were also used to calculate local diffusivity
D(z) via Equation (7).

4. Conclusions

An all-atom molecular dynamics simulation was applied to examine how cholesterol
addition with Xchol = 0–0.5 affects the structural and permeation properties of the S phase
biomimetic bilayers composed of hexadecyltrimethylammonium-dodecylsulfate (HTMA-DS)
and dodecyltrimethylammonium-hexadecylsulfate (DTMA-HS). Simulation results showed that
DTMA-HS-Chol systems have an overall smaller degree of chain ordering compared with
HTMA-DS-Chol systems because of the greater intrinsic alkyl chain mismatch near the core
region [14,15]. Cholesterol addition also enhances the membrane mechanical properties for both
HTMA-DS and DTMA-HS systems, where the HTMA-DS-Chol bilayers have higher mechanical
strengths owing to the more ordered alkyl chain packing. The combined effects of molecular
packing and mechanical modulation cause the water permeation free energy barrier to slightly
decrease at Xchol = 0.094 and to significantly increase when Xchol ≥ 0.203 for both HTMA-DS
and DTMA-HS systems. The analyses of membrane deformation energy further demonstrate that the
enhanced mechanical strength induced by cholesterol can contribute additional energy costs for water
permeations. In contrast, the local diffusivity is less affected by cholesterol addition.

Combining both free energy and local diffusivity data, we summarized the overall effects
of cholesterol on the water permittivity of HTMA-DS and DTMA-HS membranes. With a low
cholesterol amount of Xchol = 0.094, the water permittivity for both IPA systems slightly increases
due to the slight reduction of the free energy barrier. When Xchol ≥ 0.203, the synergistic effects
of increased alkyl ordering and enhanced mechanical strength leads to a dramatical reduction of
water permittivity of both HTMA-DS-Chol and DTMA-HS-Chol bilayers. Please note that the main
phase transition temperatures for IPA systems are higher than the corresponding lipid systems,
suggesting that the biomimetic IPA membranes are in S phase with higher mechanical strength under
the physiological condition. Hence, the modulation of molecular packing and mechanical properties
becomes important for controlling the permittivity of IPA membranes. Other than cholesterol addition,
chemical penetration enhancers such as ethanol may also be applied to modulate the IPA membrane
permittivity. In addition, the mechanical and free energy analyses used in this work can provide
invaluable molecular insights into the mechanisms of modulating the rigid biomimetic membrane
permittivity for various delivery systems.
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The following abbreviations are used in this manuscript:

IPA Ion Pair Amphiphile
MD molecular dynamics
HTMA hexadecyltrimethylammonium
DTMA dodecyltrimethylammonium
HS hexadecylsulfate
DS dodecylsulfate
Chol cholesterol
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Abstract: Solid polymer blend electrolyte membranes (SPBEM) composed of chitosan and dextran
with the incorporation of various amounts of lithium perchlorate (LiClO4) were synthesized.
The complexation of the polymer blend electrolytes with the salt was examined using FTIR
spectroscopy and X-ray diffraction (XRD). The morphology of the SPBEs was also investigated
using field emission scanning electron microscopy (FESEM). The ion transport behavior of the
membrane films was measured using impedance spectroscopy. The membrane with highest LiClO4

content was found to exhibit the highest conductivity of 5.16 × 10−3 S/cm. Ionic (ti) and electronic
(te) transference numbers for the highest conducting electrolyte were found to be 0.98 and 0.02,
respectively. Electrochemical stability was estimated from linear sweep voltammetry and found to be
up to ~2.3V for the Li+ ion conducting electrolyte. The only existence of electrical double charging at
the surface of electrodes was evidenced from the absence of peaks in cyclic voltammetry (CV) plot.
The discharge slope was observed to be almost linear, confirming the capacitive behavior of the EDLC.
The performance of synthesized EDLC was studied using CV and charge–discharge techniques.
The highest specific capacitance was achieved to be 8.7 F·g−1 at 20th cycle. The efficiency (η) was
observed to be at 92.8% and remained constant at 92.0% up to 100 cycles. The EDLC was considered
to have a reasonable electrode-electrolyte contact, in which η exceeds 90.0%. It was determined that
equivalent series resistance (Resr) is quite low and varies from 150 to 180 Ω over the 100 cycles. Energy
density (Ed) was found to be 1.21 Wh·kg−1 at the 1st cycle and then remained stable at 0.86 Wh·kg−1

up to 100 cycles. The interesting observation is that the value of Pd increases back to 685 W·kg−1 up
to 80 cycles.

Keywords: biopolymer electrolyte membranes; XRD analysis; FTIR study; Morphology; Impedance
study; EDLC fabrication

1. Introduction

Electrochemical capacitors are classified into three types: Pseudocapacitor, electrical double-layer
capacitor (EDLC), and hybrid capacitor [1]. In pseudocapacitor, Faradaic process is involved as the
energy storage mechanism with metal oxide and conducting polymer electrodes [2]. However, in EDLC,
which is usually composed of two identical carbon-based electrodes, non-Faradaic process is envolved
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during the charge storage process, where the accumulation of charge at the double-layer occurs on
the surface of carbon-based electrodes [3]. In the third type, i.e., in the hybrid capacitor, the energy
storage mechanism is based on the combination of EDLC and pseudocapacitor, i.e., both Faradaic
and non-Faradaic processes contribute. Among these capacitors, EDLC has shown to obtain through
a straightforward fabrication process. Moreover, EDLC possesses valuable properties, such as long
life cycle, high power density and light in weight [4]. In making such capacitor, activated carbon has
been reported to be compatible with polymer electrolyte [5–7]. Several features of activated carbon,
for instance, high surface area, high electrical conductivity, cost-effectiveness, and excellent chemical
stability, make it preferable for EDLC applications [8].

Biopolymers are preferable over non-degradable synthetic polymers as host polymers in polymer
electrolyte system because of their renewability, biocompatibility, and biodegradability [9,10]. They are
usually extracted from natural resources, e.g., cellulose from plants [11], starches from potato, maize
and cassava [12], chitosan from crustacean animals [13], carrageen from seaweed [14], and dextran from
bacteria [15]. The last one is obtained by growing cultures of bacteria called Leuconostocmesenteroides
in a medium filled with sucrose. Dextransucrase as an enzyme is excreted in the medium where
excess sucrose had converted to dextran [16]. Dextran with 1,6-α-d-glucopyranosidic linkages is a
biodegradable and a non-toxic polymer in the polymer backbone [17]. Regarding the backbone of
dextran, it is clear to observe two main functional groups, such as hydroxyl and glycosidic bond, which
possess electron lone pairs that contribute in the ionic conduction [18]. Herein, it is interesting that
chitosan as one of the derivatives of amino polysaccharides called chitin produced from exoskeleton of
crustaceans or insects. Both amine and hydroxyl functional groups enable chitosan to serve as one of
ionic conductors [19].

Blending two or more polymers has motivated researchers to improve the characteristics of
individual polymers. Hamsan et al. [20] have showed that potato starch-methylcellulose blend
film is more amorphous in structure than both pure methylcellulose film and potato starch film.
It is well-known that the amorphous region in polymer electrolyte is mainly responsible for ionic
conduction [21]. As concluded in the report published by Tamilselvi and Hema [22], mechanical
properties or structure stability of a material can be manipulated by polymer blending method. Blended
polymer composites provide more sites for ionic complexation process to occur, which makes ionic
conduction to be efficient than single polymer [23]. Based on our previous work [24], in 60 wt.%
chitosan and 40 wt.% dextran blend system, the amorphous structure was shown to be dominant.
Therefore, in this work, a similar percentage of chitosan and dextran has been blended along with
incorporation of lithium perchlorate (LiClO4). In addition to that, thehighest relatively conducting
electrolyte has also been used as electrode separators in the EDLC.

2. Results and Discussion

2.1. Structural (XRD and FTIR) Analysis

XRD analysis was carried out on pure CS, CS:Dextran and CS:Dextran: LiClO4 systems at the
ambient temperature. In our previous work, it was shown that pure CS exhibits several crystalline
peaks at 2θ = 15.1, 17.7, and 20.9◦ [25,26], as shown in Figure 1a, whereas Dextran exhibited two
hollows at 2θ = 18 and 23◦ [27]. In the present work, the XRD pattern of CS:Dextran showed two
hollows and no crystalline peaks can be observed, as can be seen in Figure 1b. These broad hollows
indicate that a fully amorphous structure has been formed [28]. Earlier reports documented that a
broad diffraction peaks corresponds to amorphous nature of the polymer electrolyte [29,30]. In the
current study, it has been found that the intensity of the hump of CS:Dextrandecreases in the intensity
with the addition of LiClO4 salt and broad nature also increases, as shown in Figure 2a,b. It is clear that
at 20 wt.% of the salt some new peaks appeared, which are due to polymer slat complexes rather than
pure salt. Interestingly, at 40 wt.% of the added salt, these new peaks disappeared and the intensity
of the hump decreased. The results obtained here confirm the amorphous nature of the polymer
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electrolytes. The amorphous nature provides greater ionic diffusivity and high ionic conductivity.
No peaks corresponding to pure LiClO4 appeared in the CS:Dextran blend polymer electrolyte, which
indicates the complete dissociation of the dopant salt in the polymer blend matrix.

θ

θ

θ

θ

Figure 1. The XRD pattern for (a) pure CS and (b) CS:Dextran blend film.

θ

θ

θ

θ

Figure 2. The XRD pattern for (a) CSDPB2 and (b) CSDPB4 blend electrolytes.

Figure 3a–c shows the FTIR spectra of the pure CS:Dextran and blend electrolyte films at three
separate regions. Fourier transform infrared (FTIR) spectroscopy has been widely used by many
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researchers in dealing with the formation of polymer blends. FTIR spectroscopy provides insight
into intermolecular interaction through analysis of FTIR spectra on the basis of stretching or bending
vibrations of particular bonds. The main characteristic bands in the spectra of dextran were found at
1146 and 1021 cm−1. The band peak at 1086 cm–1 is assigned to both valent vibrations of C–O–C bond
and glycosidic bridge. The presence of a peak at 1021 cm–1 belongs to the high chain flexibility that
present in dextran around the glycosidic bonds [31]. For CS:Dextran, the FT-IR spectrum exhibited the
presence of OH groups that could be confirmed by the appearance of broad band with a maximum at
3351cm−1 [32,33]. In a comparison, the band peaked at 2906 cm−1 can be attributed to C–H stretching
in dextran [32,33], since such band was not observed in the FTIR spectra of chitosan [34]. The peak at
1000 cm−1 characterizes the significant chain flexibility exist in dextran around the glycosidic bond [32].
The C–H bending usually appeared at 1450 cm−1, whereas the broad band starts at 1158 cm−1, indicating
asymmetrical –C–O–C– stretching of the ring [33]. The sharp peak at 1009 cm−1 and small one at
1067 cm−1 is ascribed to the existence of C–O bands [34]. With increasing LiClO4 salt, these peaks
are becomes distinguishable, as observed in our previous work for chitosan-based electrolyte. For
C-H configuration in dextran, a characteristic peak appeared at 615 cm−1 [35]. For both stretching
vibrations of the C–O–C bond and glycosides bridge a peak centered at 1155 cm−1. Two peaks centered
at 1651 cm−1 and 1554 cm−1 corresponding to carboxamide (O=C–NHR) and amine (NH2) bands,
respectively [34]. It is interesting to observe that a shift occurred in the carboxamide (O=C–NHR) and
amine (NH2) bands which strongly confirms complexation between chitosan: Dxetran and the dopant
salt. In fact, this attachment of cation salt to nitrogen and oxygen atoms can reduce the vibration
intensity of the N–H or O=C–NHR bonds owing to the higher molecular weight after cation binding
and eventually resulted in shifting and lowering in intensity [36]. More interesting observation is the
incorporation of LiClO4 salt into CS:Dextran resulting in a great change in the intensity of the bands.
This change in intensity of these bands is strongly related to the alterations in the macromolecular order.
These bands in the spectra of the complexes may result from more and less ordered structures [37].

Figure 3. FTIR spectra of (i) CS:Dextran (pure film), (ii) CSDPB1, (iii) CSDPB2, (iv) CSDPB3, and (v)
CSDPB4 in the region (a) 700 cm−1 to 1300 cm−1, (b) 1400 cm−1 to 1800 cm−1, and (c) 3000 cm−1 to
3800 cm−1.
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2.2. Morphological Study

Dealing with material surface is vital to understand the structural changes over a number of
processes. Recent studies revealed that the morphology aspect in polymers provides some insights
into the changes in structural or electrical properties [9,25,28]. Polymer family can be categorized in
terms of crystallinity into crystallineand amorphous polymers. On the one hand, polymer crystals are
characterized by compact assembly of stereo-regular chains and thereby exhibit high modulus and
hardness, but weak toughness. On the other hand, amorphous polymers features are rubbery or glassy
in behavior [38]. In our previous work, SEM technique was used to study the compatibility of salts with
polar polymers [39]. Figure 4a–d shows the FESEM images for a number of the CS:Dextran systems
incorporated with various weight percentage of LiClO4 salt. The surface morphologies of the blend
electrolyte samples are almost smooth and there are no protruded particles on the sample surfaces.
This was observed in our previous work [40] where, as more salt is added, more particles protruded
out of the surface. This indicates that polymer matrix capacity is limited to accommodate excess salt,
which in turn led to salt recrystallization. It is apparent, as recrystallization proceeds, the amount
of free ions lowers, which results in conductivity value decrement [41]. In fact, the smooth surface
of the samples indicates that the complexation had taken place among the polymer blends and the
incorporated LiClO4 salt. The data results of the present work indicate that polymer blend fabrication
is a novel approach and straightforward methodology with high DC conductivity. The occurrence of
the extent of complexation of the dopant salt and CS:Dextran was realized from the FTIR study.

(a)

Figure 4. Cont.
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(d) 

Figure 4. FESEM images for (a) CSDPB1, (b) CSDPB2, (c) CSDPB3, and (d) CSDPB4 blend electrolytes.

2.3. Impedance Study

A comparably new and powerful technique in the characterization of a number of the electrical
properties of electrolyte materials and the interface region with electronically conducting electrodes
is electrochemical impedance spectroscopy [28,42,43]. The impedance plot for CS:Dextran–LiClO4

polymer blend electrolyte systems at room temperature are shown in Figure 5a–d. The complex
impedance plots reveal two main distinct regions: The semicircle observed at the high frequency
region, which is due to the bulk character of the electrolytes, and the linear region at the low frequency
range, which is attributed to the blocking electrodes [42,44,45]. The membrane electrolytes carry ion
carriers, and thus, ion diffusion occurs through the membrane as an AC electric field is applied, and
consequently, ion accumulation builds up at the electro/electrolyte interface. Due to the electronic
nature of the stainless steel electrodes, ions cannot cross the system, and thus, the real and imaginary
parts of the impedance can be measured at various frequencies, which resulted in impedance plots.
It is interesting that, at the intermediate frequencies, certainly at −45 ~ inclined lines indicate the
occurrence of Warburg impedance as a consequence of diffusion of ions to the electrode surface [46].
Furthermore, the spike feature at the low frequency region is a characteristic of diffusion process [29].
It is apparent, in Figure 5 that, with increasing salt concentration, the bulk resistance (see the insets)
decreased. The Rb value is determined by the point where the semicircle intersects the real axis (Zr).
The equation below has been applied to determine the sample conductivity based on the Rb value and
the sample dimensions:

σdc =

(
1

Rb

)
×
( t

A

)
(1)
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Figure 5. Experimental Impedance plots for (a) pure CS:Dextran film (b) CSDPB1, (c) CSDPB2, (d)
CSDPB3, and (e) CSDPB4 blend electrolyte films.

In the above equation, the polymer electrolyte film thickness and the film surface area are,
respectively, denoted by t and A. Table 1 shows the calculated DC conductivity for all the samples.
The high DC conductivity of blend electrolytes is a guarantee for EDLC application. To get more
information about the charge transfer resistance of the samples Bode plots were also studied. More
insights about the electrical properties of the blend electrolyte samples can be grasped from the
modeling of the impedance plots using electrical equivalent circuits (EECs). Through the modeling of
impedance plots, it is possible to estimate the bulk resistance and circuit elements.

Table 1. DC conductivity for pure CS:Dex and blend electrolyte films at room temperature.

Sample Designation DC Conductivity (S/cm)

CS:Dex 5.01 × 10−10

CSDPB1 2.73 × 10−7

CSDPB2 1.27 × 10−5

CSDPB3 5.62 × 10−4

CSDPB4 5.16 × 10−3

Moreover, the results of Nyquist plots are further established by the consideration of Bode plot.
From the electrochemical viewpoint, Bode plots are principally helpful in understanding the charge
transfer process in electrolyte materials [47]. Figure 6 shows the Bode plots for the pure CS:Dextran
blend film and blend electrolyte films at ambient temperature. Previous studies have demonstrated
that three distinguished regions should be recognized from the Bode plots, which are capacitive,
diffusion, and charge transfer regions [39,47–49]. Usually, the capacitive region (namely plateau region)
can be observed at a very low frequency; from 10−2 to 100 Hz. However, this region could not be
examined in this study, owing to the frequency limitations of the measuring equipment. As described
in the impedance plots of Figure 5, the semicircle has been correlated to the ion transfer in amorphous
phase of electrolytes and the tails were related to the contribution of Warburg or diffusion of ions, and
therefore, their accumulation at the electrode/electrolyte interface [40,43,45]. The ion accumulation on
both sides of the electrolyte membrane will produce electrical double layer capacitances. The results
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clearly indicated that, with increasing salt concentration, from 10 to 40 wt.%, the Warburg contribution
(tail regions) has been increased, and therefore, the resistance decreased due to the large amount of
carrier density. It is obvious from Figure 6a that pure CS:Dextran films show high charge transfer
resistance. Obviously, the charge transfer resistance decreases with increasing salt concentrations as
shown in Figure 6b,c. From Figures 5 and 6, it is clear that the sample incorporated with 40 wt.% of
LiClO4 exhibits the lowest resistance and thus a high conductivity resulted.

 

Figure 6. Bode plots for (a) pure CS:Dextran film (b) CSDPB1 and CSDPB2, and (c) CSDPB3, and
CSDPB4 blend electrolyte films.

The EECs model can be usually utilized for fitting, i.e., it can be used in the analysis of impedance
spectroscopy, since the model is straightforward, quick, and provides a complete picture of the
system [50]. The acquired impedance plots can be interpreted with respect to the equivalent circuit
including Rb for the charge carriers in the sample and two constant phase elements (CPE), as presented
in the insets of Figure 7a. The high frequency region shows the combination of Rb and CPE, whilst the
low frequency region exhibits CPE, i.e., the developed double layer capacitance between the electrodes
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and SPE. The abbreviated term CPE is more commonly used in the equivalent circuit rather than as an
ideal capacitor in real system. This is due to the fact that the behavior of the actual SPE is varied from
that of an ideal capacitor considered in a pure semicircular pattern [51]. As discussed above, Warburg
impedance at −45 ~ inclined lines are definitely a consequence of diffusion of ions to the electrode
surface. In this report, the depressed semicircle has been explained by CPE instead of a capacitor [52].
The impedance of ZCPE can be written as [53,54]:

ZCPE =
cos(πn/2)

Ymωn − j
sin(πn/2)

Ymωn (2)

where Ym refers to the CPE capacitance, ω is the angular frequency and n is associated to the deviation
of the vertical axis of the plot in the complex impedance plots. Finally, the real (Zr) and imaginary
(Zi) values of complex impedance (Z*) related with the equivalent circuit (insets of Figure 7a) can be
expressed as:

Zr = Rs +
R1 + R2

1Y1ωn1 cos(πn1/2)

1 + 2R1Y1ωn1 cos(πn1/2) + R2
1Y2

1ω
2n1

+
cos(πn2/2)

Y2ωn2
(3)

Zi =
R2

1Y1ωn1 sin(πn1/2)

1 + 2R1Y1ωn1 cos(πn1/2) + R2
1Y2

1ω
2n1

+
sin(πn2/2)

Y2ωn2
(4)

Figure 7. Cont.
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Figure 7. Experimental Impedance and fitting (EEC) plots for (a) CSDPB2 and (b) CSDPB4 blend
electrolyte films.

All circuit element parameters that are used for fitting the experimental impedance plots for all the
selected samples are presented in Table 2. These elements are exactly related to the parameters in the
above equations, such that Yo corresponds to Ym, N corresponds to n1 and n2 according to CPE1 and
CPE2 elements and R corresponds to R1. In the Cole–Cole plot, the semicircle disappears at a certain
high salt concentration of the salt (see Figure 7b), suggesting that only the resistive component of the
polymer prevails [55]. In this case, the values of Zr and Zi associated to the EEC can be expressed as:

Zr = R +
cos(πn/2)

Ymωn (5)

Zi =
sin(πn/2)

Ymωn (6)

Table 2. The parameters of the circuit elements of the selected blend electrolyte membranes at
ambient temperature.

Sample R1/Ohm Y1 n1 Rs Y2/nMho n2

CSDPB2 696 619 pMho 0.9345 805 984 0.99
CSDPB4 3.56 27 μMho 0.817 - - -

2.4. Transference Number Measurement (TNM) Study

The ionic (ti) and electronic (te) transference number can be gained from the ratio of steady-state
current (Iss) and initial current (Ii). The value of ti can be calculated from the following equation [55]:

ti =
Ii − Iss

Ii
(7)

Figure 8 shows the polarization plot of current versus time for the highest conducting electrolyte.
The current at initial time is large due to migration of both ions and electrons. It is seen that the current
is decreased rapidly prior to achieving a constant value of 0.4 μA, since only electron can pass through
the stainless steel electrodes. At steady state, the cell is polarized as the current flow is stayed due
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to electron [56]. The constant current value indicates ionic conductor behavior of the electrolyte [57],
where Iss and Ii are observed to be at 0.4 and 27.8 μA, respectively. Therefore, ti and te transference
number for the electrolyte are found to be 0.98 and 0.02, respectively. This confirms the fact that ion is
the dominant charge carrier in the electrolyte. Othman et al. [58] documented ti values from 0.93 to
0.98 for poly methyl methacrylate (PMMA)-lithium trifluoro methane sulfonate (LiCF3SO3). Therefore,
the high transference number may be correlated with the effect of polymer-ion and ion-ion interactions
on the microscopic parameter.

μ

Figure 8. Polarization current versus time for the CSDPB4 blend electrolyte film.

2.5. LSV Analysis

Determination of potential stability is an imperative characteristic of the polymer electrolyte for
energy storage device applications. Figure 9 shows the LSV plot of the highest conducting (CSDPB4)
electrolyte. It is noticeable that there is no current flowing below 2.3 V, which indicates that there is
no electrochemical reaction occurring below this potential window. The increase of current beyond
2.3 V is related to the decomposition of the polymer electrolyte, signifying the electrochemical reaction
within the polymer electrolyte [59]. Monisha et al. [60] stated that the threshold voltage is that the
current flows through the cells. Shukur et al. [52] reported a decomposition voltage at 2.10 V of lithium
salt based biopolymer electrolyte. Thus, the potential stability, i.e., potential window of the relatively
high conducting electrolyte in this work is suitable for energy storage device applications.
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Figure 9. LSV plot for the highest conducting chitosan-dextran-LiClO4 (CSDPB4) sample.

2.6. EDLC Study

CV and EDLC Characteristics

Figure 10 shows the cyclic voltammogram of the fabricated EDLC at a sweep rate of 10 mV·s−1.
It can be observed that there is no peak within the potential range of 0 to 1.0 V. However, there is
an electrical double layer, i.e., non-Faradaic current at the surface of the electrodes [61]. As stated
previously, energy storage mechanism in EDLC goes via non-Faradaic, which means that no redox
reaction process. The addition of salt in the electrolyte produces positively charged ion (i.e., cations)
and negatively charged ions (i.e., anions). Once the EDLC is charged, cations and anions will migrate
to negative and positive electrodes, respectively. At negative electrode, the induced electric field at
the electrode attracts cations and repels anions, where the opposite action takes place at the positive
electrode. The intense electric field holds ions from the electrolyte and electrons from the electrode.
This is called as development of charge double-layer, where it stores the energy as potential energy [62].
The shape of CV in Figure 10 depicts rapid switching of ions at the electrode electrolyte interfaces as
well the good capacitive behavior of electrodes. The internal resistance and electrode porosity resulted
in current dependence of voltage and makes the shape of the CV plot a less perfect rectangular [63].
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Figure 10. CV plot of the fabricated EDLC in the potential range of 0 V to 1 V.

The charge–discharge profiles of the fabricated EDLC are investigated through galvanostatic
technique. Figure 11 shows the charge-discharge plot of the fabricated EDLC at 0.5 mA·cm−2 in the
potential range of 0 to 1 V. The discharge slope is observed to be almost linear, which verifies the
capacitive behavior in the EDLC [64]. As the slope of the discharge curve (s) is determined, the specific
capacitance (Cs) can be calculated from the following equation:

CS =
i

sm
(8)

here, i is the constant current and m stands for active material mass, which is the mass of active carbon
in this study. In Figure 12, Cs of the EDLC for 100 cycles can be seen, in which Cs of the EDLC at the 1st
cycle is found to be 8.7 F·g−1. Teoh et al. [65] have recorded a Cs of 7.1 F·g−1 for free plasticizer LiClO4

based corn starch polymer electrolyte EDLC type capacitor. At 5th cycle, the Cs drops to 6.5 F·g−1 and
remains constant in the range of 6.0 to 6.5 F·g−1. This capacitance synthesized in the present work is of
the great interest compared to the specific capacitance values of 2.6–3.0 and 1.7–2.1 F·g−1, which have
been recorded for the EDLC cells with the Mg- and Li-based PEO polymer electrolytes incorporated
with ionic liquids [66]. Therefore, polymer blend electrolytes can be established as new materials in
fabricating EDLC cells with high specific capacitances.
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Figure 11. Charge-discharge profiles for the fabricated EDLC at 0.5 mA·cm−2.

Figure 12. Specific capacitance of the fabricated EDLC for 100 cycles.

Coulombic efficiency (η) is another imperative parameter regarding the cycling stability of the
EDLC where it can be calculated from the following equation:

η =
td
tc
× 100 (9)

where discharge and charge time are denoted as td and tc, respectively. Figure 13 shows the η of the
EDLC of 100 cycles. The coulombic efficiency, η at the 1st cycle is found to be 20.6% and increases to
72.2% and 86.6% at 5th and 10th cycles, respectively. At 20th cycle, η is observed to be 92.8% and then
lowered and remained constant at 92.0% up to 100 cycles. It is considered that the EDLC possesses
plausible electrode-electrolyte contact as the η is beyond 90.0% [67].
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Figure 13. Cycling stability of the EDLC up to 100 cycles.

As observed in Figure 11, there are tiny potential drops (Vd) before the discharging process
commences. This can be related to the existence of internal resistance in the EDLC, which is called
equivalent series resistance (Resr). This resistance Resr of the EDLC can be obtained from the following
equation:

Resr =
Vd
i

(10)

Figure 14 shows the Resr of the EDLC for 100 cycles. It is determined that the Resr varies from
150 to 180 Ω over the 100 cycles. The existence of internal resistance has been assumed to be due to
various factors. The first one is from the electrolyte, where fast charge/discharge process cause free ions
to recombine and reduce the ionic conductivity. Secondly, it is from current collectors, which in this
case is the aluminum foil. Lastly, it is the gap between the electrolyte and electrode, where ions from
the electrolyte and electrons from the carbon electrode form a charge double layer or called potential
energy [68].

Figure 14. The pattern of equivalent series resistance of the EDLC for 100 cycles.
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The energy density (Ed) and power density (Pd) of the EDLC can be expressed as:

Ed =
CsV

2
(11)

Pd =
V2

4mResr
(12)

where V is the applied voltage (1 V). In Figure 15, Ed is found to be 1.21 Wh·kg−1 at the 1st cycle
and then lowered to 0.90 Wh·kg−1 at 5th cycle. Ed is then kept stable at 0.86 Wh·kg−1 up to 100
cycles. The Ed values of the EDLC are almost constant, which harmonized with the pattern of Cs.
The stabilization study showed that the ions experience the same energy barrier during the migration
towards the electrodes from 10th to 100th cycle of charge-discharge process [69]. The energy density
achieved for the EDLC cell (0.86 Wh/Kg) in the present work is of great interest compared to that
reported (0.3 Wh/Kg) for ionic liquid incorporated PEO based polymer electrolyte [66]. Figure 16
exhibits the Pd of the EDLC for 100 cycles. The value of Pd of the EDLC is found to be 643 W·kg−1 at
the 1st cycle and dropped to 571 W·kg−1 at 10th cycle. The interesting observation is that the value
of Pd increases back to 685 W·kg−1 up to 80cycles. In Figure 14, Resr of the EDLC is also increased at
10th cycle and decreased until 80th cycle. At 90th and 100th cycles, the EDLC experiences reduction
in Pd value. This could be related to the growth of ion aggregates/pairs and electrolyte depletion
during rapid charge-discharge process. The main drawbacks of polymer electrolyte membranes are
ion aggregates/pairs. In this case little ions diffuse to the electrode/electrolyte interface. Consequently,
the accumulated ion in the forming double-layer, at the surface of the electrodes, is reduced, and thus,
reducing the power density [61].

Figure 15. Energy density of the fabricated EDLC for 100 cycles.
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Figure 16. Power density of the fabricated EDLC for 100 cycles.

3. Experimental Method

3.1. Materials and Sample Preparation

High molecular weight chitosan (CS) (average molecular weight 310,000–375,000) and Dextran
powder (average molecular weight 35,000–45,000) materials were used as the raw materials
(Sigma-Aldrich, Warrington, PA, USA). For the fabrication of the polymer blending based on CS:Dextran,
60 wt.% chitosan and 40 wt.% dextran was dissolved separately in 50 mL of 1% acetic acid at room
temperature for 90 min. Subsequently, these solutions then mixed and stirred for 3 h to gain a
homogeneous blending solution. For the blended solution of CS:Dextran, various amounts of LiClO4

ranging from 10 to 40 wt.% of LiClO4 in steps of 10 was added separately with continuous stirring
to prepare CS:Dextran: LiTf electrolytes. The polymer blend electrolytes were coded as CSDPB1,
CSDPB2, CSDPB3, and CSDPB4 for CS:Dextran and incorporated with 10, 20, 30, and 40 wt.% of
LiClO4, respectively. After casting in different Petri dishes, the solutions were left to dry at room
temperature for films to form. The films were transferred into a desiccator for further drying, which
produces solvent-free films. The thickness of the SPBEM was from 0.0123 to 0.0131 cm.

3.2. TNM and LSV Measurements

V&A Instrument DP3003 digital DC power supply was employed to conduct the transference
number (TNM) analysis via DC polarization method [70]. The cell was polarized at 30 mV and the DC
current was monitored continuously as a function of time at room temperature. Stainless steel was used
as electrodes for TNM due to its ion-blocking characteristic. Ionic and electronic transference numbers
analyses are used to observe the contribution of ion and electron to the total conductivity and prove
ionic conduction. The potential stability of the highest conducting electrolyte (CSDPB4) was studied
using linear sweep voltammetry (LSV) (DY2300 Potentiostat) at sweep rate of 50 mV·s−1. For the LSV
analysis, stainless steel was also used as counter, working and reference electrodes. For both LSV and
TNM, the highest conducting electrolyte (CSDPB4) was placed in between two stainless steels in a
Teflon conductivity holder, as shown in Figure 17.
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Figure 17. Schematic diagram of cell arrangement for LSV, TNM and impedance study.

3.3. EDLC Preparation

An amount of 0.50 g polyvinylidene fluoride (PVdF) was dissolved with stirring in 15 mL N-methyl
pyrrolidone (NMP). On the other hand, activated carbon (3.25 g) and carbon black (0.25 g) powders
were dry mixed. The dry mixing process was carried out by using a planetary ball miller (XQM-0.4).
Six metal balls were inserted in the chamber along with the powders. The powders were mixed at
rotational speed of 500 r/min for 15 min. The powders were then added to the obtained solution
of PVdF/NMP and stirred for 90 min. The homogeneous solution was doctor bladed on aluminum
foil and heated at 60 ◦C for a period of time. The electrodes were then stored in desiccator filled
with silica gel. The thickness of the electrode was 0.01 cm. The highest conducting electrolyte was
sandwiched between two carbon electrodes, which were cut into circle shape with area of 2.01 cm2

and packed in CR2032 coin cells. The schematic diagram of the EDLC cell is shown in Figure 18.
The galvanostatic charge-discharge characteristics of the EDLC were carried out using a battery cycler
(Neware, Shenzhen, China) with a current density of 0.5 mA·cm−2. Digi-IVY DY2300 Potentiostat was
used to conduct cyclic voltammetry (CV) of the EDLC at 10 mV·s−1 in the potential window of 0–1 V.

Figure 18. Diagram of the EDLC cell for CV and galvanostatic charge-discharge measurement.

3.4. Structural, Morphological, and Impedance Characterizations

Spotlight 400 Perkin-Elmer spectrometer was used in conducting Fourier transform infrared
(FTIR) spectroscopy with a resolution of 1 cm−1 (450–4000 cm−1). The surface of the electrolyte was
analyzed via Hitachi SU8220 FESEM with 10K×magnification. For structural analysis, XRD pattern
was acquired via D5000 X-ray diffractometer (1.5406 Å). The 2θ angle was continuously altered from
5◦ to 80◦ (resolution = 0.1◦). In the mechanism study, HIOKI 3532–50 LCR HiTESTER was employed

101



Int. J. Mol. Sci. 2019, 20, 3369

to analyze electrical impedance spectroscopy (EIS) measurements of the samples (50 Hz to 5 MHz).
The cell arrangement for EIS is shown in Figure 17.

4. Conclusions

Solid polymer blend electrolytes (SPBE) composed of chitosan and dextran incorporated with
various amounts of lithium perchlorate (LiClO4) was prepared. The relatively highest ion conducting
sample was utilized to fabricate EDLC supercapacitor. Non-crystalline behavior of the polymer blend
electrolytes has been confirmed from XRD pattern. The FTIR emphasized the strong interaction between
the constituents of polymer electrolyte. The relatively smooth surface morphology of the electrolyte
was found to be an indication of compatible LiClO4/polymer system. Faradaic process has shown to be
absent and has definitely been noticed in the cyclic voltammetry. The conductivity of the samples was
measured using impedance spectroscopy. The ionic (ti) and electronic (te) transference number for
the highest conducting electrolyte were found to be 0.98 and 0.02, respectively. The electrochemical
stability window, as estimated from cyclic voltammetry, was found to be around 2.25 V for the Li+ ion
conducting electrolyte. The absence of a peak in CV plot indicating the presence of electrical double
layer at the surface of the electrodes. The highest ion conducting samples was used to fabricate the
EDLC supercapacitor. The discharge slope has been observed to be almost linear, which verified that
the EDLC possesses the capacitive behavior. The performance of fabricated EDLC was also studied
using cyclic voltammetry and charge–discharge techniques. The highest specific capacitance was
achieved to be at 8.7 F·g−1. At 20th cycle, the efficiency (η) was observed at 92.8%, where it remained
constant at 92.0% up to 100 cycles. It was found that the EDLC possesses good electrode-electrolyte
contact as η is above 90.0%. Another key finding is that the Resr was quite low and varied from 150 to
180 Ω over the 100 cycles. The energy density was quite high and equal to 1.21 Wh·kg−1 at the 1st
cycle and then kept stable at 0.86 Wh·kg−1 up to 100 cycles. Lastly, the value of Pd was also found to
increase, returning to 685 W·kg−1 up to 80 cycles.
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Scărişoreanu, A.; et al. Characterization of electron beam irradiated collagenpolyvinylpyrrolidone (PVP)
and collagen-dextran (DEX) blends. Dig. J. Nanomater. Biostruct. 2011, 6, 1793–1803.

34. Aziz, S.B.; Abidin, Z.H.Z. Electrical conduction mechanism in solid polymer electrolytes: New concepts to
arrhenius equation. J. Soft Matter 2013, 2013, 323868. [CrossRef]

35. Nikoli, G.S.; Caki, M.; Miti, Z.; Ili, B.; Premovic, P. Attenuated Total Reflectance–Fourier Transform Infrared
Microspectroscopy of Copper(II) Complexes with Reduced Dextran Derivatives. Russian J. Phys. Chem. A
2009, 83, 1520–1525. [CrossRef]

36. Wei, D.; Sun, W.; Qian, W.; Ye, Y.; Ma, X. The synthesis of chitosan-based silver nanoparticles and their
antibacterial activity. Carbohydr. Res. 2009, 344, 2375–2382. [CrossRef] [PubMed]
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Abstract: In this work, analysis of ion transport parameters of polymer blend electrolytes incorporated
with magnesium trifluoromethanesulfonate (Mg(CF3SO3)2) was carried out by employing the Trukhan
model. A solution cast technique was used to obtain the polymer blend electrolytes composed
of chitosan (CS) and poly (2-ethyl-2-oxazoline) (POZ). From X-ray diffraction (XRD) patterns,
improvement in amorphous phase for the blend samples has been observed in comparison to the
pure state of CS. From impedance plot, bulk resistance (Rb) was found to decrease with increasing
temperature. Based on direct current (DC) conductivity (σdc) patterns, considerations on the ion
transport models of Arrhenius and Vogel–Tammann–Fulcher (VTF) were given. Analysis of the
dielectric properties was carried out at different temperatures and the obtained results were linked
to the ion transport mechanism. It is demonstrated in the real part of electrical modulus that
chitosan-salt systems are extremely capacitive. The asymmetric peak of the imaginary part (Mi)
of electric modulus indicated that there is non-Debye type of relaxation for ions. From frequency
dependence of dielectric loss (ε”) and the imaginary part (Mi) of electric modulus, suitable coupling
among polymer segmental and ionic motions was identified. Two techniques were used to analyze
the viscoelastic relaxation dynamic of ions. The Trukhan model was used to determine the diffusion
coefficient (D) by using the frequency related to peak frequencies and loss tangent maximum heights
(tanδmax). The Einstein–Nernst equation was applied to determine the carrier number density (n)
and mobility. The ion transport parameters, such as D, n and mobility (μ), at room temperature,
were found to be 4 × 10−5 cm2/s, 3.4 × 1015 cm−3, and 1.2 × 10−4 cm2/Vs, respectively. Finally, it was
shown that an increase in temperature can also cause these parameters to increase.

Keywords: polymer blends; impedance study; dielectric properties; electric modulus study;
loss tangent peaks; ion transport parameters; Trukhan model
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1. Introduction

Solid polymer electrolytes (SPEs) are of particular relevance to devices that are technologically
significant, such as batteries and fuel cells. To be scaled to an industrial level, one of the important
criteria is achieving a large number of free ions that contribute to the net charge transport in liquid
state materials [1]. Previously, it has been shown that polymers can be used as insulators and structural
materials. Since 1975, more developments have been achieved that use polymers as ion conductors
from the combination of suitable salts, i.e., enhancing their ionic conductivities. Manipulation of
polymer electrolytes has been constantly carried out in order to improve three main characteristics,
which are ionic conductivity, thermal stability, and mechanical strength [2]. In the period ahead,
research and development on SPEs will show that they can readily replace the conventional organic
sol–gel electrolytes in accordance with dimensional stability, electrochemical durability, processability,
flexibility, safety, and long life [3]. Since the1970s, much attention has been given to the study of SPEs.
The main motivation in this field is the pioneer works of Wright et al. and Armand et al., which were
carried out on ionically conducting polymer-salt mixtures and polymer-salt complexes, respectively [4,5].
Chitosan as a derivative of chitin was used in the present study due to its invaluable properties,
such as natural abundance and low-cost biopolymer. Chitosan can act as a host for ionic conduction as
a result of its structural composition. It is known that a weakly alkaline polymer electrolyte can be
produced as a consequence of dissolving a salt in the polymer matrix. Blending chitosan membranes
can significantly improve the thermal/chemical stability while achieving a satisfactory mechanical
strength. Moreover, the presence of hydroxyl and amino groups on the backbone structure enable
chitosan membranes to have a relatively high level of hydrophilicity, which is essential for operation in
polymer electrolyte membrane fuel cells [6,7]. It is widely recognized that a polymer that contains
an electron donor group can have the ability to dissolve inorganic salts with low lattice energy through
weak coordination bonds to form polymer electrolytes. Nearly all SPE membranes, which contain silver
salts, were fabricated for the facilitated olefin transport and poly (2-ethyl-2-oxazoline) (POZ) was used
as a polymer solvent to dissolve silver salts [8–10]. The monomer of POZ containing O and N atoms
is responsible for complexation in POZ based electrolytes [11,12]. POZ can serve as an efficient host
polymer in synthesizing polymer electrolytes because of the presence of an electron donor group in the
backbone, which is very important for making polymer blends. The blending methodology of two
or more polymers has inspired many researchers to improve the chemical and physical properties of
individual polymers. It is clearly defined that ionic conduction in polymer electrolytes can be enhanced
via increasing the amorphous region [13–16]. As previously confirmed, it is likely that the mechanical
properties and/or structure stability of the material can be manipulated towards improvement through
the polymer blending methodology [14–17]. The obtained blended polymer systems provide more
sites for ionic complexation to occur, which facilitates ionic conduction compared to single polymer
ones [14–18]. In the past, various ion transport mechanisms have been discussed [1]. Munar et al. [19]
have found three parameters, such as ionic mobility, carrier density, and diffusion coefficient in lithium
salts incorporated into PEs using a dielectric spectroscopy-based approach. In fact, the ion transport
mechanism in polymer physics is not fully understood yet, and thus, the lack of information about ion
transport has encouraged researchers to study ion conducting polymer electrolytes extensively [20–24].

In this work, analysis of ion transport parameters of chitosan (CS): POZ polymer blend electrolytes
incorporated with magnesium trifluoromethanesulfonate (Mg(CF3SO3)2) was carried out through the
use of Trukhan model. This model can allow us to use the related values of peak frequencies and loss
tangent maximum heights (tanδmax) to calculate the ion transport parameters, such as mobility (μ),
diffusion coefficient (D), and charge carrier number density (n). From the diffusion coefficient and
direct current (DC) conductivity values at various temperatures, one can calculate mobility (μ) and
charge carrier number density (n) [19]. Therefore, in the present work, the main objective isto estimate
ion transport parameters in CS: POZ based SPEs using the Trukhan model.
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2. Results and Discussion

2.1. XRD Study

Polymer materials are recognized as either being amorphous or semi-crystalline [25].
The crystallinity of polymer structure can be predicted only when a precise method is in place.
This not only helps in identifying the molecular structure of a crystalline polymer, but also in
comprehending and rationalizing the inherent features of polymeric materials that significantly affect
crystal packing [26]. The XRD pattern of pure CS is shown in Figure 1. In the pure state of CS
membrane, two peaks can be identified at 14.5◦ and 20.9◦, owing to the crystalline domain of CS
polymer. These two peaks are pertinent to two distinct kinds of crystals [27,28]. The first peak that
occurs at 14.5◦ is related to crystals with a unit cell of a = 7.76, b = 10.91, c = 10.30 (Å), and β=90◦.
Here, the unit cell has two monomer units across the major chain axis. The second peak at 20.9◦ is
related to the crystal within the chitosan membrane. The lattice parameters of the unit cell of crystal
related to θ = 20.9◦are as follows: a = 4.4, b = 10.0, c = 10.30 (Å), and β = 90◦ [29]. It can be noticed in
Figure 1 that the wide X-ray peak is at approximately 2θ = 41◦. It is evident in the previous studies that
the wide peaks within the XRD patterns of pure CS polymers are created because of the inter-chain
segment scattering as they are in the amorphous state [30]. It can be seen in Figure 2 that when POZ
increases (15 wt.%), crystallinity of CS considerably decreases. The reason for this is the creation of
hydrogen bonding (H-bonding) between CS and POZ matrices. The creation of hydrogen bonding
among CS and POZ monomers disrupts the inter chain hydrogen bonding in the CS host polymer and
thus results in less crystallinity. H-bonding is known to occur after the interaction of electron-deficient
hydrogen with an area of high electron density. H-bonding can be demonstrated in the form of
an intermolecular interaction as X–H . . . Y, where X and Y indicate electronegative elements and Y
contains one more solitary electron pair. This means that X and Y can be signified as F, O, and N
atoms [31]. The molecular structure of POZ (refer to Scheme 1) makes it obvious that the POZ monomer
contains O and N atoms, which allows it to form H-bonding [11,12]. The hydrogen-bonding is known
to be a secondary force, which is weak in comparison to the primary bond within the molecules,
such as covalent bonds and other polar bonds. However, this H-bonding is stronger compared to the
vander Waals interaction [31]. It is evident from Scheme 1a that around three hydrogen bonds can
be created among CS monomers (two -OH and one NH2). This means that a chitosan monomer can
form three hydrogen bonds at the same time. On the other hand, a POZ monomer has two sites for
hydrogen bonding. Therefore, chitosan has strong inter-molecular hydrogen bonding compared to
POZ. It is clear from Scheme 1b,c that three hydrogen bonds can be developed between CS and POZ
monomers, and thus, the inter-molecular hydrogen bonds between CS monomers can be disrupted.
Consequently, a decrease in crystallinity is expected in CS: POZ polymer blends as a result of the loss of
intermolecular hydrogen bonds among CS monomers. It can be implied by the broadness of the X-ray
peak of the CS: POZ blend that there is greater inter-chain spacing in the blend sample in comparison
to that of the CS polymer. The extended inter-chain spacing in the blend makes it very easy to apply
dipole reorientation to the field, which leads to a large dielectric constant in comparison to that of the
neat polymers [30]. Greater information can be offered by the dielectric analysis regarding how the
electrical properties are influenced by polymer blending.
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Figure 1. XRD pattern for pure chitosan (CS) film.

θ

θ

Figure 2. XRD pattern for chitosan: poly (2-ethyl-2-oxazoline) (POZ) polymer blend film.
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Scheme 1. Proposed hydrogen boding between POZ and CS polymers.

2.2. Impedance and DC Conductivity Study

It is vital to fully explain the charge transfer and ionic transport processes in composite materials
from fundamental and technological viewpoints. The impedance spectroscopy is a versatile and
a powerful tool in analyzing material properties and making establishment of structure–property
correlations [32,33].

In Figure 3, the impedance plots (Zi versus Zr) for the CS: POZ: Mg(CF3SO3)2 system is shown at
different temperatures. It is clearly seen that there is a semicircle in the high frequency region and
a linear line (i.e., spike) in the low frequency region. The physical meaning of the semicircle is that this
bulk effect reflects a parallel combination of bulk resistance (Rb) and bulk capacitance of the polymer
electrolytes. For the spike explanation, there is an effect of electrode blocking [34,35]. From the data
analysis, Rb values were extracted from the intercept of high frequency semicircles with the real axis
of the impedance plots. Moreover, there is the fact that the complex impedance is dominated by the
ionic conductivity when the phase angle approaches zero [36]. Furthermore, the direct current (DC)
conductivity (σdc) values were calculated from the following relation:
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σdc =

(
1

Rb

)
× ( t

A
) (1)

where t and A are the thickness and area under study of the sample. In fact, three different cation
transport modes have been reported theoretically; firstly, cation diffusion along the polymer chain,
secondly, cooperative motion of the cation within the polymer chain, and thirdly, transferring of cations
between different polymer chains. It is obvious that the attached ions cause the local polymer motion to
slow down and accordingly, the binding of several functional groups to the ion reduces the number of
torsional degrees of freedom within the polymer backbone. This all gives rise to the whole polymer-ion
complex moving cooperatively [1].

Obviously, ionic conductivity is one of the key aspects of electrolyte materials to be addressed
extensively. It is self-evident that the number of charge carriers and their mobility (i.e., size and
electronegativity of an ion) are the two factors that govern conductivity. This is true for polymer
electrolyte systems and the mathematical relationship can be described in the following equation [24]:

σ =
∑

i

niqiμi (2)

where ni is the charge carrier′s concentration (i.e., number of charge), q is the electron charge, and μi
is the ions mobility (where i refers to the identity of the ion) [20]. It is clear from Equation (2) that
the ionic conductivity (σ) increases as the charge carrier concentration (n) and/or the ionic species
mobility increase in the system. Indeed, the ionic mobility is determined by the three main factors,
electronegativity, size of ions, and interaction between polymers and ions. In comparison, the mobility
of smaller ions (Li+ and/or Mg2+) is higher than that of larger ions (Na+ and/or Zn2+) in the polymer
electrolyte [37]. The careful choice of SPEs in a certain application of an electrochemical device depends
on the σdc value. Figure 4 shows the direct current(DC) conductivity as a function of 1000/T for the CS:
POZ: MgTf solid polymer blend electrolyte film. Herein, the relationship between DC conductivity
and temperature is explained in the form of the Arrhenius equation for linear parts (T≤ 60 ◦C) as
given below:

σdc(T) = σ0 exp (− Ea

KBT
) (3)

where σo is the pre-exponential factor, Ea is the activation energy, and kB is the Boltzmann constant [38].
This equation shows that the motion of cations is not a result of the molecular motion of the polymer host.
Thereby, when the temperature and ionic conductivity data strongly obey the Arrhenius relationship,
the mechanism of cation transport can be correlated to the occurrence in ionic crystals, where an ion
jumps to the nearest vacant site, causing the direct current (DC) ionic conductivity to reach its highest
value [39]. Studies have confirmed that ion transport mainly occurs in the amorphous regions.
However, while the conduction mechanisms are not fully understood yet, it is widely recognized
that cations are interrelated to functional groups of the host polymer chains. It can move through
re-coordination along the polymer backbone [40]. The activation energy was calculated and was found
to be 0.612 eV for the linear region. The activation energy can be considered as an energy barrier that
the ion needs to overcome for a successful jump between the sites [27]. It can be seen that at higher
temperatures (T > 333 K) the pattern of DC conductivity vs 1000/T is almost curvature rather than linear
behavior. In this case, the Vogel–Tammann–Fulcher (VTF) model is applicable to interpret the behavior
of DC conductivity [41]. This is means that ion transport occurs with the help of polymer chain motion.
To clarify, the glass transition temperature (Tg) of POZ is as low as 63 ◦C [11], whereas Tg for CS is
relatively quite high and found to be above 200 ◦C [7,42]. Thus, the curvature of DC conductivity
is related to the low Tg value of POZ. Consequently, blending CS with POZ can be interesting in
developing new polymers with relatively high chain flexibility.

In view of the recent advances in polymer electrolytes, the chain in the polymer is folded in
the form of cylindrical tunnels, where the cations are situated and coordinated with the functional
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groups [43,44]. These cylindrical tunnels offer a pathway for the cation movement. Therefore, there is
two options for the segmental motion, either the ions are allowed to hop from one site to another
site or they are given a pathway to move [45,46]. It is also understood that the ionic motion can
take place through the transitional motion/hopping and dynamic segmental motion within the host
polymer [46–48]. In this case, the pattern of DC conductivity vs 1000/T is almost linear as observed in the
present work at a low temperature (T ≤ 333K). As the amorphous phase progressively expands at high
temperature, the polymer chain gains faster internal motion, where bond rotation creates segmental
motion. This favors the inter-chain and intra-chain ion hopping and thus ions move successively.
Accordingly, this makes the conductivity of the polymer electrolyte to be relatively high [47,49,50]. It is
also emphasized that the charge carrier density, n, depends mainly on both the dissociation energy (U)
and dielectric permittivity (ε′) of the polymer electrolyte as shown below [51–53]:

n = n0 exp
(
− U
ε′KBT

)
(4)

where kB and T are the Boltzmann constant and temperature, respectively. This equation indicates
that there is a correlation between dielectric permittivity (ε′) and charge carriers. It is well-defined
that the dielectric constant is equal to the ratio of the material capacitance (C) to the capacitance of
the empty cell (Co) (ε′ = C/Co). Indeed, an increase of dielectric constant causes an increaseof charge
concentrations in the electrolyte. As mentioned in Equation (2), conductivity (σ) depends upon both
the number of charge carriers (n) and the mobility of the ionic species in the system [54]. Furthermore,
from Equation (4), the number of charge carriers (n) can be increased by increasing the dielectric
constant, in other words, an increase of charge carriers leads to increasing dielectric constant. Overall,
the conductivity increases with increasing of dielectric constant based on Equation (4). Here, one can
conclude that the dielectric constant is an informative parameter in studying the conductivity behavior
of polymer electrolytes [20]. From our discussion and interpretation regarding the ion transport
and linkage between DC conductivity and dielectric constant ε′, we can realize that ion transport is
a complicated process in polymer electrolyte systems [55]. The lack of information about the cation
transport mechanism in polymer electrolytes is thought to be one of the main obstacles in achieving
a high conducting polymer electrolyte at room temperature [56,57]. Finally, it is clarified that the ion
carrier concentration and segmental mobility are not the only factors that determine the conductivity
behavior of polymer electrolytes, but also the dielectric constant and ion dissociation energy are of
significant importance to ion transport. Study of the dielectric constant at various temperatures as can
be seen in later sections and may support the above explanation.

Figure 3. Cont.
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Figure 3. Electrical impedance plots for CS: POZ: MgTf solid polymer blend electrolyte film at (a) 303
K, (b) 323 K, and (c) 343 K.

σ

Figure 4. Direct current (DC) ionic conductivity versus 1000/T for CS: POZ: MgTf solid polymer blend
electrolyte film.

2.3. Dielectric Properties and Electric Modulus Analysis

Figures 5 and 6 show the dielectric constant (ε′) and dielectric loss (ε′′) as a function of frequency,
respectively. As the frequency increases, both ε′ and ε′′ decrease gradually to a minimum value,
becoming almost constant at high frequencies. The obtained high values of both parameters in the
low frequency region can be attributed to electrode polarization effect [20,58,59]. This effect is found
to result from charge accumulation at the electrode/electrolyte interfacial region [60]. The constant
values of both the dielectric constant and dielectric loss at high frequencies can result from the periodic
reversal of the high electric field. Consequently, there is no charge accumulation at the interface.
The absence of a more interesting observation for the dielectric relaxation peaks within the dielectric
loss plot can be due to the mask of polymer relaxation segments by the DC ionic conductivity of
charge carriers [22–24]. Studying temperature clearly showed that with increasing temperatures,
the dielectric constant also increases. This can be clearly observed in Figure 5, which also supports
our interpretations given in Section 3.1 for causes of increasing DC conductivity. Once the dielectric
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constant is obtained, it will be easy for researchers to identify the two following important phenomena:
reduction of silver ions to metallic silver particles and electrical percolation in ion conducting solid
polymer composites [21,58,61–63]. One can note from Figures 5 and 6 that both ε′ and ε′′ values
recorded high values at high temperature. This can be explained in terms of the forces that bind the
polymer chains together. Obviously, there is an existence of forces within polymer material matrices,
which are generally classified into primary (intra-chain) and secondary (inter-chain) forces, that result in
the stabilization of polymer structure [23,64]. On the one hand, the primary ones arise from the covalent
bond formation (2.2–8.6 eV), which binds the chains of backbone atoms together. On the other hand,
there are four types of secondary forces in polymers, which are dipole–dipole bonding (0.43–0.87 eV),
hydrogen bonding (0.13–0.30 eV), induced interaction (0.07–0.13 eV), and dispersion interaction
(0.002–0.09 eV). These forces possess relatively low dissociation energies; thereby, these forces are
extremely susceptible to temperature change compared to their primary counterpart.

f

ε

Figure 5. Frequency dependence of dielectric constant (ε′) at selected temperatures for the CS: POZ:
MgTf system. Noticeably, the dielectric constant rises with temperature rise.

 f

ε

Figure 6. Frequency dependence of dielectric loss (ε′′) at selected temperatures for the CS: POZ: MgTf
system. The dispersion in dielectric loss spectra rises with rising temperature.
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The electric modulus is the inverse of electric permittivity and can be used to study the dielectric
behavior of a polymer resulting from ion relaxation. In this work, suppression of charge accumulation
near the electrode is related to the electrode polarization effects [52,65]. Figures 7 and 8 exhibit the real
(Mr) and imaginary (Mi) components of electric modulus versus frequency, respectively. In contrast
to the ε′ spectra in Figure 5, detectable peaks, especially for curves at 303K and 313K resulting from
conductivity relaxation, are seen in the Mi spectra as presented in Figure 8. It is observable that both
Mr and Mi decrease towards low frequencies, indicating the negligibility of electrode polarization
influence. In both plots, the curves show long tail features at low frequency at various temperatures
that can be due to the suppression of low frequency electrodes/sample double layer effects, arising
from the large capacitance establishment [66,67]. In contrast to the ε′ spectra in Figure 5, detectable
peaks, which result from conductivity relaxation, can be seen in the Mi spectra as shown in Figure 8.
Previously, it had been confirmed that ε′ parameter is always influenced by an ohmic conduction,
i.e., DC conductivity, which leads to the hidden loss peaks in the ε′ spectra [68]. A peak in the Mi

spectra indicates the regions where the carrier can move a long distance (left of the peak) or where
the carrier is confined (right of the peak) [69]. Viscoelastic relaxation or conductivity relaxation using
Argand plots is the well-known method to explain the relaxation dynamic. Studying Argand plots at
various temperatures is informative to address the nature of relaxation processes within the present
polymer electrolytes.

Figure 9 reveals the Argand curves at room temperature. As can be seen from the figure,
the diameter of the circles does not coincide with the real axis, which presents (Mr), and thus the
ion transport occurs via the viscoelastic relaxation. The characteristics of the Argand plot are am
incomplete half semicircle and arc-like appearance, which cannot be explained by the Debye model,
i.e., single relaxation time [70]. Therefore, a distribution of relaxation time is necessary to interpret the
experimental data, since more dipoles and ions are activated and contribute to the dielectric relaxation
with increasing temperature [7,65,71]. Obviously, with increasing temperature, the Argand distributed
data points shift towards the origin. This can be attributed to the increase of conductivity due to
the increase of ionic mobility with temperature elevation, and accordingly caused both Z′ and Z′′ to
decrease. Mohomed et al. [72] have explained that Argand plots (Mi vs. Mr) may have a complete
semicircular shape and in this case, the relaxation could be due to the conductivity relaxation dynamic,
i.e., pure ionic relaxation, that is, the polymer segmental motion and ion transport are completely
separated or decoupled. On the other hand, if Argand plots (Mi vs. Mr) have an incomplete semicircular
shape, the relaxation could be then attributed to viscoelastic relaxation. This implies that ion motion
and polymer segmental motion are well coupled. From our Argand plots, the semicircular behavior
with diameter well below the real axis can signify that the relaxation process has arisen from the
viscoelastic relaxation dynamic. This is means that ion transport is coupled with the polymer segmental
motion and thus no peaks can be seen in the dielectric loss spectra as shown in Figure 6. The obtained
results can be interpreted on the basis of the fact that the ion transports in SPEs are enhanced by large
scale segmental movements of the polymer chain.
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f

Figure 7. Frequency dependence of the real part (Mr) of M* for the CS: POZ: MgTfsystem at
different temperatures.

f

Figure 8. Frequency dependence of the imaginary part (Mi) of M* for the CS: POZ: MgTf systemat
different temperatures.
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Figure 9. Argand plots for the CS: POZ: MgTf system at different temperatures.

2.4. Tanδ Spectra and Ion Transport Study

In polymer electrolyte systems with high electrical conductivity, the peaks at the low frequency
relaxation can be masked due to permanent or induced dipoles by polarization relaxation of mobile
charged species in the material [73]. To understand the relaxation process, the dielectric loss tangent
(tanδ) as a function of frequency has been plotted as shown in Figure 10. The plot shape of tanδ
can be interpreted in terms of Koop′s phenomenological principle [74]. Thereby, tanδ increases with
increasing frequency, reaching a maximum value, and thereafter decreases with further increasing
frequency. On the one hand, at lower frequencies, where tanδ increases, theohmic component of
the current increases more sharply than its capacitive component (Xc = 1/2πf C). On the other hand,
at higher frequencies, where tanδ decreases, the ohmic component of current is obviously frequency
independent and the capacitive component increases due to the high value of f and as a consequence,
the value of Xc is small [74,75]. It is worth-noticing that the broad nature of the tanδ peaks suggests that
the relaxation process is of non-Debye type [76]. The complex impedance relationship is Z* = R-jXc,
where R is the real or resistor element and Xc is the capacitive element [62]. This function indicates
that, at low frequency, the capacitive component becomes very high and as a result, most of the current
passes through the resistor element. The tanδ relation (tanδ = ε′′/ε′) shows the proportionality of tanδ
to ε′′. Also, from these relationships, one can obtain ε′′, which is exactly in proportion to the real part
(Z′ or R) of the impedance function, through the following equation:

ε′′ =
Z′

ωC0
(
Z′2 + Z′′ 2

) (5)

As the temperature is increased, the loss tanδ peaks shift to the higher frequency side. Figure 10
shows that the position and height of the peaks are increased with increasing the temperature. This is
explained on the basis of the fact that the higher temperature makes the charge carrier movement easier
and thus capable of relaxation at higher frequencies [77,78]. From all these discussions stated above,
it can be realized that both the shape and intensity of tanδ peaks at various temperatures are completely
related to the ion transport parameters, such as mobility and diffusion coefficient. From tanδmax and
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peak frequency, one can extract mobility (μ), carrier density (n), and diffusivity (D) as a function of
temperature, which will be discussed in the next sections.

δ

Figure 10. Tanδ plots for the CS: POZ: MgTfsystem at different temperatures.

In the analysis of the loss tangent, the shape of the tanδ plots is correlated to both the capacitive
and resistive component of the solid electrolytes. Furthermore, it is explained that the shifting of tanδ
peaks towards the high frequency side is associated with the thermally activated ions. These findings
support our previous explanation for the DC conductivity pattern versus 1000/T. To calculate the charge
density, mobility, and diffusion coefficient of the charge carriers, the Trukhan model was employed by
analyzing the loss tangent data points. In this model, the diffusion coefficient of cations and anions are
assumed to be equal and thus, a simple expression has been used to calculate the diffusion coefficient
from the peak appearance in the loss tangent plots. The expression is shown as follows [19]:

D =
2π fmaxL2

32 tan3δmax
(6)

where L is the sample thickness and all other terms have normal meanings.
Figure 11 shows a plot between diffusion coefficient and temperature. From the plot it is observed

that the diffusion coefficient increases non-linearly with the temperature.
Another important parameter, which is in relation to conductivity, is the density of mobile ions.

The density number of mobile ions (n) can be obtained from the well-known Einstein relation using
the following equation [19]:

n =
σDCKBT

De2 =
(
σDCKBT

e2

)
[
32 tan3δmax

2π fmaxL2 ] (7)

where σdc is the DC conductivity and obtainable from impedance plots, KB, T, e, and D have the
usual meaning. From Equation (7), it is obvious that charge carrier density is proportional to cubic of
tanδmax value and inversely proportional to the shifting of peak frequencies. It is also clarified that
the tanδmax values do not change significantly as there is no considerable change in intensity values;
as a consequence, the carrier density becomes almost constant.
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δ

Figure 11. Diffusion coefficient of ions versus temperature for the CS: POZ: MgTfsystem.

Figure 12 shows charge density (n) as a function of temperature. It is seen that the n does not
change as temperature increases. The Trukhan model allows an estimation of the diffusion coefficient
(D), mobile ion concentration (n), and mobility (μ) from the value of (tanδmax), where δ is a phase angle.
The model is simple in analysis of the data points and there is no need for microscopic information
about the distance between adjacent functional groups. However, any increase and decrease of tanδmax

intensity directly affects the behavior of carrier density. Chandra et al. [79] have recorded that the
value of n is found to be in the range of 1016 to 1018 cm−3 for PEO: PVP: AgNO3 based SPE systems.
Agrawal et al. [80] have studied the mobile ion concentration in the range of 1015 to 1016 cm−3 for
hot press PEO: AgNO3: SiO2 nano-composite system. It is also documented that the conductivity is
dependent on both the number of mobile ions and mobility [80]. In the present work, values of the
carrier density of (1.5–4.7) × 1015 cm−3 were recorded and are in good agreement compared to those
reported for polymer based solid electrolytes in the literature [79,80].

Figure 12. Charge carrier density (n) of ions versus temperature for the CS: POZ: MgTf system.
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Ion mobility is also another parameter that can be calculated from the following equation:

μ =
σDC
en

=
De

KBT
=
( e

KBT

)
[

2π fmaxL2

32 tan3δmax
] (8)

where μ is the ionic mobility and all other terms have normal meanings.
Figure 13 shows the relation between temperature and ion mobility. The dependence of μ on

temperature is similar to that in diffusivity. An increase in temperature results in an increase in the
mobility, however, this increase does not linearly change. The concept of increasing the ion mobility is
supported by the free volume model, in which the temperature increase leads to enlarged free volume
in the amorphous phase, which helps ion mobility [75]. For example, the ion mobility values have
been found to be 1.5 × 10−3 cm2/Vs at room temperature, while it is about 2.8 × 10−2 cm2/Vs at 353 K.
Winie et al. [81] have also confirmed such a direct proportionality relationship between ion mobility
and temperature. Several research groups have reported results on ion mobility. Majid and Arof [82]
recorded the value of mobility (μ) in the range 10−8 to 10−6 cm2 V−1 s−1. Agrawal et al. [80] reported
a different value of 10−3 cm2 V−1 s−1 for ionic mobility. Moreover, Arya and Sharma [83] reported
ion mobility (μ) in the range 10−10 to 10−12 cm2 V−1 s−1. More recently, Patla et al. [84] have also
documented ion mobility (μ) in the range 1.8 × 10−4 to 9.5 × 10−11 cm2 V−1 s−1 for polyvinylidene
fluoride (PVDF) based polymer nano-composites incorporated with ammonium iodide (NH4I) salt.
From the results of the present work, it is clear that ion transport parameters can be easily estimated
from the Trukhan model. It has been reported that polymers with optical absorption behaviour and
high-performance optical properties are important in the application of solar cell devices [85–87].
Similarly, fabrication of polymer electrolytes with high ionic conductivity and improved ion transport
properties are crucial in the application of electrochemical devices [14,16].

μ

Figure 13. Ion mobility (μ) versus temperature for the CS: POZ: MgTf system.

3. Materials and Methods

3.1. Materials and Sample Preparation

The SPEs based on the CS: POZ blend was fabricated using a conventional solution cast technique.
The procedure involves dissolution of 1 g of CS in 80 mL of 1% acetic acid. To prepare the polymer blend,
15 wt.% (0.1764 g) of poly (2-ethyl-2-oxazoline) (POZ) is dissolved in 20 mL of distilled water and added
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to the CS solution. This solution was continuously stirred with the aid of magnetic stirrer for several
hours until a homogeneous viscous blend solution was achieved. Afterwards, 30 wt.% of Mg(CF3SO3)2

salt was added to the CS: POZ solution to obtain an alkaline solution of CS: POZ: Mg(CF3SO3)2

polymer blend electrolyte. Subsequently, the mixture was further stirred until a homogeneous solution
was achieved. Finally, the solution was put into a Petri dish and then dried by leaving it to form a film
at room temperature. The last step in this procedure was putting it into a desiccator to ensure dryness.

3.2. Characterization Techniques

X-Ray Diffraction (XRD) patterns were acquired using an Empyrean X-ray diffractometer,
(PANalytical, Netherland) with operating current and voltage of 40 mA and 40 kV, respectively.
The samples were irradiated with a beam of monochromatic CuKα X-radiation of wavelength
λ = 1.5406 Å and the glancing angle of the X-ray diffraction was in the range of 5◦ ≤ 2θ ≤ 80◦
withastepsizeof0.1◦.

The acquisition of impedance spectra of the films was conducted using a HIOKI 3531 Z Hi-tester
in the frequency range of 50 Hz to 1000 kHz and at various temperatures ranging from 303 K to
373 K. The prepared SPE films were cut into small discs of 2 cm in diameter and placed between two
stainless steel electrodes under spring pressure. The cell was connected to a computer equipped with
customized software to record both real (Z′) and imaginary (Z′′) parts of the complex impedance (Z*)
spectra. Consequently, from these data, complex permittivity (ε*) and complex electric modulus (M*)
can be then estimated.

4. Conclusions

A solution cast technique was used to perform the integration of chitosan (CS) with poly
(2-ethyl-2-oxazoline) (POZ). It was shown in the XRD spectra that there was an improvement in
the amorphous phase within CS: POZ blend films when compared to pure CS. The broad peak
in the CS: POZ blend films compared to the crystalline peaks of the CS polymer confirms this
improvement. It can be concluded that a potential technique for studying the diffusion coefficient,
mobility, and charge carrier number density in CS: POZ: MgTf solid polymer blend electrolyte film
can be the Trukhan model. The calculations carried out in this technique employed peaks in loss
tangent spectra. Temperature increases are found to cause a reduction in the bulk resistance and a rise
in permittivity. There is also a change found in the position and height of loss tangent peaks verses
frequency plots with temperature. The increase in temperatures causes the height of the peaks to shift
positively. An Arrhenius type dependence on temperature was exhibited from the DC conductivity;
hence, when temperature increases, the conductivity also improved. The increase in the amorphous
phase is found to be the reason for such increment in conductivity. Emphasis has been laid on the
role of association and disassociation of ionic motion and polymer segmental relaxation. Assessments
of dielectric properties were carried out at different temperatures and their findings were related
to the ion transport mechanism. It is demonstrated in the real part of the electrical modulus that
chitosan-salt mechanisms are very capacitive. According to the asymmetric peak of the imaginary part
(Mi) of the electric modulus, there is a non-Debye form of relaxation for chitosan-salt systems. It was
shown by the frequency dependence of dielectric loss (ε′′) and the imaginary part (Mi)of the electric
modulus that there was suitable coupling among polymer segmental and ionic motions. Studies were
carried out on the viscoelastic relaxation dynamic of the chitosan-based solid electrolyte using two
techniques. The estimation of the diffusion parameter (D) was carried out through the Trukhan model
by obtaining the frequency related to peak frequencies and loss tangent maximum heights (tanδmax).
The Einstein–Nernst equation was used to determine the carrier number density (n) and mobility.
It was found that the ion transport parameters at room temperature are 4 × 10−5cm2/s, 3.4 × 1015 cm−3,
and 1.2 × 10−4 cm2/Vs for D, n, and μ, respectively. It was shown that as the temperature increased;
there was also an increase in the parameters.
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Abstract: Radio frequency plasma is one of the means to modify the polymer surface namely in
the activation of polypropylene membranes (PPM) with O2 plasma. Activated membranes were
deposited with TiO2 nanoparticles by the dip coating method and the bare sample and modified
sample (PPM5-TiO2) were irradiated by UV lamps for 20–120 min. Characterization techniques
such as X-ray diffraction (XRD), Attenuated total reflection technique- Fourier transform infrared
spectroscopy (ATR-FTIR), Thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy
(XPS), Scanning electron microscope (SEM) and water contact angle (WCA) measurements were
applied to study the alteration of ensuing membrane surface properties which shows the nanoparticles
on the sample surface including the presence of Ti on PPM. The WCA decreased from 135◦ (PPM) to
90◦ (PPM5-TiO2) and after UV irradiation, the WCA of PPM5-TiO2 diminished from 90◦ to 40◦.

Keywords: PP membrane; O2 plasma; TiO2 nanoparticles; UV treatment; hydrophilicity

1. Introduction

Polypropylene membranes (PPM), due to good porosity, high void volume, and high thermal
stability, have wide-ranging applications. The low energy surface and hydrophobicity of the membrane
often leads to membrane fouling [1,2]. To address this dilemma, membrane surface treatments have
been applied aimed at altering the surface wettability and chemical properties. A wide range of methods
have been deployed for altering the surface properties, such as plasma [3–9], UV irradiation [3], ion
irradiation [4] and chemical coating [5,6]. These treatments have been used to attain the following goals:
produce special functional groups at the surface for interactions with other functional groups, amend
surface energy, change hydrophobicity or hydrophilicity, and alteration of surface morphology [7].
The PPM has been used as a bioinspired substrate for separation applications [8]. Among the present
methods for the modification of the surface, plasma treatment is a rather familiar approach [9], which
improves the adhesion properties, biocompatibility and wettability [10]. PPM is poor in hydrophobicity
and biocompatibility due to the lack of functional groups, which restricts its biomedical usage and
possible application in aqueous solution separation and hence the surface modifications induced
alterations in bio-compatibility and hydrophilicity. Presently, adsorption and permeation properties of
porous membranes can be altered by the deposition of a layer on to their active surface. For example,
a hydrophilic layer on the porous membrane can reduce protein binding and enhance flux [2] or
alternatively changes can be affected via the addition of nanoparticles such as Al2O3 [11], ZnO [12],
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Fe3O4 [13] and TiO2 [14–21]. Among these nanoparticles, TiO2 has photo-catalytic and desirable
hydrophilicity properties [22]. Studies have been conducted to deposit TiO2 nanoparticles on flat
polymeric polyethersulfone ultrafiltration (UF) membranes, to decrease the fouling problem [19] with
some promising results on the effect of TiO2 nanoparticles on UF membranes [23]. Some studies have
investigated altering the surface wettability of PPM by means of plasma; compared to the present
work, the plasma conditions are different [24,25].

In this work, TiO2 nanoparticles were deposited on PP by dip-coating to improve the surface
hydrophilicity. At first, the PP membranes were activated by plasma in the range of 1 to 5 min. The high
energy species such as electrons, atoms, and radicals in RF plasma interact with the PP surface, leading
to the modifications of the surface functionality and the morphology for deposition of TiO2. The surface
morphology of the PP membrane and PP-TiO2 membrane was investigated by SEM, to analyze the
distribution of nanoparticles. Moreover, the effect of short UV treatment time on the wettability of
the surface of the sample was examined by deployment of characterization techniques to study the
ensuing final products.

Wettability has a vital role in the use of polymeric materials in industry and medical science.
Oxygen plasma treatment is a common method aimed at fabricated materials in many research fields.
Oxygen as a reactant gas that contributes to the fabrication of desirable materials by the surface reaction.
During oxygen plasma treatment, the formation of oxygen functional groups ensues. Creating polar
groups, oxygen-containing functional groups, has many benefits, especially in changing the wettability
of polymers and creating space for bonding nanoparticles [26].

The wetting property plays an important role in the interface of a liquid and a solid surface,
especially in polymer applications. External stimuli such as light illumination, temperature, solvents
and others, can change surface wetting behavior by changing the morphology of stimuli-sensitive
materials. One of the most important ways to change surface wettability is light illumination. There is
a variety of responses to light illumination in different materials, but the semiconductor has the same
photo-responsive mechanism that has been studied in detail [27]. In brief, since a semiconductor does
not have a too large band gap energy, if a photon or light has an energy equal or greater than the band
gap energy, the electron in valance band (VB) can absorb energy and jump to the conduction band (CB),
resulting in the generation of holes (electron deficiencies) [28]. The charge carriers could recombine by
vanishing absorbed energy in the form of light (photon generation) or heat (lattice vibration). Thus,
these charge carriers are responsible for carrying out photo-oxidation or photo-reduction reactions [27].

Polymers containing active groups, i.e., oxygen-containing groups (nanoparticles), can be directly
absorbed by a chemical reaction between nanoparticles and a polymer surface. In contrast, in inert
polymers, nanoparticles are defused and trapped into polymer chains’ free volume [29]. Introducing
oxygen-containing groups, e.g., chemical and plasma methods, at the surface of inert polymers
contributes to the deposition of nanoparticles [25]. Having a large number of hydrophilic hydroxyl
groups, metal oxides show good adherent properties for deposition at the surface of the hydrophilic
membrane [30]. It is envisaged that deposition of metal oxides on the membranes with superior
chemical stability, such as TiO2 or ZrO2, would lead to an improvement in their separation performances
and to extend their applications in diverse fields.

2. Results and Discussion

2.1. Scanning Electron Microscope (SEM)

To assess the influence of plasma exposure time on the deposition, SEM analysis was performed.
The PPM deposited was prepared with different plasma treatment times under the same deposition
condition, as mentioned in Section 3.1. The SEM images of pure and deposited PP without plasma
treatment are shown in Figure 1 wherein the PP membrane shows a porous surface and lamellar
structure, and the deposition of TiO2 on the surface of the inactivated PP membrane is not uniform.
Besides, the TiO2 nanoparticles were aggregated in some regions. The SEM images of S1, S2 and
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PPM5/TiO2 are depicted in Figure 2. As can be observed, the amount of TiO2 nanoparticles on the
activated samples surface increased by increasing plasma treatment time; comparing deposition degree
confirmed that nanoparticles were almost uniformly deposited on the surface of PPM5/TiO2. In view
of the almost uniform deposition degree, the other analyses were performed for PPM5/TiO2 alone.

Figure 1. Scanning electron microscope (SEM) images of inactivated PPM (a) PPM/TiO2 (b).

Figure 2. The SEM image of (a). PPM1/TiO2; (b). PPM3/TiO2 (c,d): PPM5/TiO2.
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2.2. X-Ray Diffraction (XRD)

XRD spectra of TiO2, PPM membrane and PPM5/TiO2 are shown in Figure 3. XRD spectrum of PP
shows distinct peaks around 2θ = 14◦, 16.9◦, 18.5◦ and 21.8 ◦ attributed to the crystallographic plans
(110), (040), (130), and (041), respectively [31,32]. The pattern of crystalline TiO2 nanoparticles shows
two characteristic peaks at 2θ = 25.28◦ and 2θ = 27.4◦ that indicate the anatase (101) and rutile (110)
crystal phases, respectively. The sharp peak positions were in complete agreement with documented
reports in the literature [28,33]. The XRD pattern of PP-TiO2 shows several peaks for the PP membrane
and one peak at 2θ = 25.2◦ attributed to the presence of TiO2 (JCPDS 04-0477). Comparison with the
TiO2 pattern, the intensity of this peak was weak because of the low amassed value of TiO2 on the
membrane surface.

 

Figure 3. X-ray diffraction (XRD) patterns of (1): polypropylene membrane, (2): PPM5/TiO2 and (3):
TiO2 (A: anatase, R: rutile).

2.3. Thermal Gravimetric Analysis (TGA)

Thermal stability of the PPM and PPM5/TiO2. was studied by TGA analysis. Figure 4 illustrates
the TGA thermograms of the PP membrane and PP membrane deposited with TiO2 nanoparticles.
As the curves show, both samples displayed similar behavior with a single mass loss zone. The onset
degradation of PP membrane and deposited sample (PPM5/TiO2) was observed around 107 ◦C and
213 ◦C, respectively. Increasing degradation temperature shows the presence of TiO2 nanoparticles had
a positive effect on thermal stability. To scrutinize the effect of deposition on thermal stability, three
important points are listed in Table 1. According to the results, calculating the differential temperature
between the samples during increasing temperature showed a fast decline, probably owing to the
splitting of TiO2 nanoparticles from the surface of the membrane [34].

Figure 4. TGA thermograms of PP membrane and PPM5/TiO2.
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Table 1. Mass-loss temperature obtained from thermogravimetric analysis (TGA) thermogram of PPM
and PPM5/TiO2.

Samples
Mass Loss Temperature (±2 ◦C)

TO T50 T90

PP membrane 107 310 380
PPM5/TiO2 213 358 394

The TO, T50 and T90 performed temperature of onset degradation, 50% and 90% mass-loss, respectively.

2.4. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

To study the influence of plasma and deposition of TiO2 nanoparticles on the functional groups of
the PP membrane, FTIR-ATR analysis was performed for fresh PPM, activated-PPM and PPM5/TiO2.
The PP spectrum was considered as a reference, and its peaks are shown in Figure 5a, and they are in
good agreement with other reports [32,35,36]. As can be seen in Figure 5b, the peak at 1720 cm−1 (C =O
stretching) is a consequence of the O2 plasma treatment. The spectra of PPM5/TiO2 (Figure 5c) shows
an obviously declined intensity of the PP membrane peaks, which may be related to the immobilization
of nanoparticles on the surface.

Figure 5. Attenuated total reflection- Fourier transform infrared spectroscopy (ATR-FTIR) spectrum of
PPM (a), PPM5 (b) and PPM5/TiO2 (c).

2.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS spectroscopy, for the surface characterization of the polymer, was deployed to obtain
compelling evidence for the presence of Ti on the surface of the samples. Figure 6 displays the surface
chemical changes by precise XPS analysis. In comparison with the membrane [33], two obvious peaks
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appeared at 458.2 and 531.6 eV corresponding to Ti2p and O1s, respectively. The effect of O2 plasma
on the polypropylene membrane surface properties was investigated [36]. The XPS results led to
the conclusion that oxygen containing functional groups were produced after the plasma treatment.
Figure 6b shows the Ti (2p) high-resolution XPS spectrum with two bands in this region. The bands
appeared at 463.8 and 458.2 eV binding energies corresponding to the Ti (2p1/2) and Ti (2p3/2) orbital of
Ti atom, respectively.

Figure 6. X-ray photoelectron spectroscopy (XPS) spectra of PPM5/TiO2 (a), Resolved XPS spectra for
Ti2p (b).

2.6. UV Treatment

In order to investigate the effect of UV treatment on the wettability of PP-TiO2, a mercury lamp
(TUV 30 W, Philips, Holland) with a wavelength of 254 nm was used; irradiation was performed under
ambient conditions and in the range of 20–120 min duration.

When the surface became superhydrophilic, it absorbed more water molecules rather than
impurities and organic matter and resisted adsorption. It has been widely reported that TiO2 films
will turn into superhydrophilic surfaces upon exposure to UV light, the phenomenon being termed
photo-induced superhydrophilicity is initiated by the photo-generation of electrons and holes and
their migration to the surface [28,37].

2.7. Wettability

The sessile drop method was employed to measure the water contact angles (WCAs). The mean
value of all WCAs was accomplished by five measurements on the different position of the membrane.
To study the influence of irradiation time on wettability, the WCAs were measured as irradiation time.
Increasing wettability with a significant change has been reported previously due to the 5 min O2

plasma treatment [36]. The increasing hydrophilicity of the activated PP membrane is possibly due to
the presence of oxygen-containing functional groups, which has been corroborated by XPS results.

The increasing wettability (hydrophilic functional groups) of the PP membrane contributes to a
good deposition of TiO2 nanoparticles on the surface of the sample. The WCA measurements for PPM
activated by O2 plasma (5 min) and deposited with TiO2 at different UV irradiation times are shown in
Figure 7; WCAs decreased from 135◦ to 90◦ after plasma irradiation and 90◦ to 40◦ after UV irradiation.
It has been widely reported that TiO2 will turn into hydrophilic surfaces when exposed to UV light [37].
Compared to other reports [24], the plasma’s step in the present work was more effective in changing
the wettability of PPM.

When the TiO2 surface was irradiated with UV light, an electron-hole pair was generated.
The reaction could take place between the electron-hole pairs and absorbed H2O and O2 molecules.
This mechanism led to an increase in wettability on the surface of TiO2.
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Figure 7. WCA (water contact angles) as a function of UV treatment time.

3. Materials and Methods

PP membranes with a diameter of 47 mm, a thickness of 190 μm and pore sizes of 0.22 μm were
used for O2 plasma treatment by radio frequency plasma (EMITECH KX1050, East Sussex, UK) TiO2

powder (Degussa, Berlin, Germany, P-25) was used in these studies.

3.1. Preparation of Samples

Initially, to remove any chemical contamination from the PP membrane, it was washed with
acetone, then dried at room temperature. Subsequently, the modification was carried out by means of
25 W O2 plasma at 0.1 mbar pressure at different times, 1, 3 and 5 min. The TiO2 suspensions were
prepared using appropriate concentrations (0.05 wt%) of TiO2 in pure ethanol (Merck, Kenilworth, NJ,
USA). The TiO2 suspension was homogenized via ultrasonication (40 ◦C for 20 min) and the suspension
was deposited on the activated membrane by means of the dip-coating method three times with a
2 mm·s −1 speed. The samples were dried between each deposition cycle. The specimens were named
as PPMx/TiO2, where x represents the plasma treatment time (x = 1, 3 and 5). Then the membranes
were washed with distilled water, dried and finally illuminated by UV lamp (TUV 30 W, Philips,
Amsterdam, Netherlands) for 20–120 min; the distance of being 20 cm from the lamp.

3.2. Membrane Characterization

X-ray diffraction (XRD, Unisantis xmd300, Georgesmarienhutte, Germany) measurements were
recorded in 2θ in the range of 5–60◦. The surface morphologies of PP and PPM5 deposited TiO2

nanoparticles (PPM5/TiO2) were examined by SEM (Philips, model XL30). Change of functional groups
and influence nanoparticles deposition on the surface were studied using FT-IR-ATR (Bruker Alpha,
Yokohama, Japan). Thermal gravimetric analysis (TGA) was accomplished by using a heating rate of
10 ◦C/min from 30 ◦C to 800 ◦C under air flow radiation. X-ray photoelectron spectroscopy (XPS) was
recorded via an Al Kα X-ray source at 1486.6 eV. Finally, the alteration in wettability was examined
using the WCA measuring system.

4. Conclusions

In continuation of our ongoing studies on PP membrane activated by means of O2 plasma treatment,
the present work dwells on the wettability as influenced by the deposition of TiO2 nanoparticles
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on activated samples and UV irradiation. To overcome the hydrophobic properties of PPM, O2

plasma treatment was utilized for various durations. Consequently, oxygen-containing functional
groups appeared on the surface of PPM which facilitated the deposition of TiO2 nanoparticles by the
dip-coating method. The SEM depicts that most parts of TiO2 were attached to the membrane surface
as clusters. The XPS and XRD analyses confirmed the presence of TiO2 nanoparticles at the surface of
PPM. FTIR analysis affirmed the successful formation of oxygen-containing groups on the PP surface
after a very short O2 plasma treatment. The water contact angle (WCA) results led to the conclusion
that significant improvement of the hydrophilicity of PPM5/TiO2 was associated with the deposition of
TiO2. Deployment of UV treatment led to better effects in improving the hydrophilicity. Similarly, the
flux and work efficiency of the membrane could be improved because of the enhanced hydrophilicity.
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Abstract: Rechargeable zinc–air batteries are deemed as the most feasible alternative to replace
lithium–ion batteries in various applications. Among battery components, separators play a crucial
role in the commercial realization of rechargeable zinc–air batteries, especially from the viewpoint
of preventing zincate (Zn(OH)4

2−) ion crossover from the zinc anode to the air cathode. In this
study, a new hydroxide exchange membrane for zinc–air batteries was synthesized using poly
(2,6-dimethyl-1,4-phenylene oxide) (PPO) as the base polymer. PPO was quaternized using three
tertiary amines, including trimethylamine (TMA), 1-methylpyrolidine (MPY), and 1-methylimidazole
(MIM), and casted into separator films. The successful synthesis process was confirmed by proton
nuclear magnetic resonance and Fourier-transform infrared spectroscopy, while their thermal stability
was examined using thermogravimetric analysis. Besides, their water/electrolyte absorption capacity
and dimensional change, induced by the electrolyte uptake, were studied. Ionic conductivity of
PPO–TMA, PPO–MPY, and PPO–MIM was determined using electrochemical impedance spectroscopy
to be 17.37, 16.25, and 0.29 mS/cm, respectively. Zincate crossover evaluation tests revealed very low
zincate diffusion coefficient of 1.13 × 10−8, and 0.28 × 10−8 cm2/min for PPO–TMA, and PPO–MPY,
respectively. Moreover, galvanostatic discharge performance of the primary batteries assembled
using PPO–TMA and PPO–MPY as initial battery tests showed a high specific discharge capacity
and specific power of ~800 mAh/gZn and 1000 mWh/gZn, respectively. Low zincate crossover and
high discharge capacity of these separator membranes makes them potential materials to be used in
zinc–air batteries.

Keywords: zinc–air battery; separator; hydroxide exchange membrane; anion-exchange membrane;
ionic channel; polyphenylene oxide

1. Introduction

Recently, metal–air batteries have attracted high interest of researchers and industry as post
lithium–ion technology. Among all metal–air batteries, aqueous zinc–air battery is a relatively
established technology (known to the scientific community since the late nineteenth century) with
high potential to be used in future energy requirements [1–3]. This type of battery has a very high
theoretical energy density of 1086 Wh·kg−1 (including oxygen), five times higher than that of existing
lithium–ion batteries [4]. Moreover, their production cost is estimated to be very low (~10 $·kW−1·h−1)
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in comparison to lithium–ion batteries. Technically and economically, the zinc–air battery is deemed
to be the most feasible alternative for lithium–ion batteries in various applications. Despite the early
start and great potential, the development of zinc–air batteries has been limited by issues related to
separator, electrolyte, metal electrode, and air catalyst [5].

Despite being an essential part of a zinc–air battery, the separator has not received its deserved
attention compared to other components of the battery. The primary function of the separator is to
prevent physical contact between the anode and cathode, while providing high ionic conductivity and
selectivity to facilitate hydroxide ion transport with the aim of completing the battery circuit during its
operation. An ideal separator must be chemically stable in contact with highly alkaline environment
and electrochemically stable within a wide working potential window. Also it must be able to prevent
zincate (Zn(OH)4

2−) crossover and short-circuit due to the formation of zinc dendrites during battery
charging. Besides, high electrical resistance and ionic conductivity is highly desirable [6].

Practically, the separator for zinc–air batteries is usually a porous polypropylene membrane such
as Celgard® with the porosity of 10–20 μm. The porosity of these membranes results in their high ionic
conductivity, which is crucial for a separator material. Nonetheless, due to the high porosity, beside
hydroxide ions, zincate ions, which are produced through the oxidation of zinc during the battery
discharge, also pass through the membrane from the anode to the cathode [7]. At the cathode side,
because of asymmetric water evaporation-induced electrolyte deficiency, zincate ions are precipitated
as zinc oxide (ZnO) on the catalyst surface, forming a resistive layer to ion/electron conduction which
in turn, leads to higher polarization of air electrode and capacity loss of zinc–air batteries [8].

Even though there have been several attempts to develop a separator membrane with desired
characteristics to be used in zinc–air batteries, more efforts are required in this field. Dewi et al. used
a polyelectrolyte containing a sulfonium cation as a zinc–air battery separator. Even though they
incorrectly assumed zinc ions in the electrolyte to be in the form of a cation (Zn2+), the separator was
highly effective in preventing zinc ions crossover to the cathode side, leading to the capacity increase
by more than six times compared to polypropylene-based Celgard® separator [7]. More recently,
electrospun polyetherimide (PEI) nanofibers impregnated with polyvinyl alcohol (PVA) has been
used as a highly efficient separator for rechargeable zinc–air battery. In the prepared permselective
membrane, PEI, which is known for its high chemical resistance in the alkaline environment, provides
good mechanical stability. On the other hand, the pores of the electrospun nanofibers filled with PVA
electrolyte offers high ionic conductivity. In such a design, zincate crossover decreased dramatically
due to the bulky size of the zincate ions, making it difficult to pass through the separator compared to
hydroxide ions [8]. In another study, similar impregnated nanofibrous mat concept with electrospun
PVA/polyacrylic acid (PAA) nanofibers along with the impregnation solution of Nafion bearing pendant
sulfonate groups was used. In this case, the nanofibers acted as the ionic conductive pathways for
hydroxide ions, and the impregnation solution played the role of an anion repelling component,
preventing bulky zincate ions transport from the anode to the cathode side [9].

Basically, the ionic conductivity of polymeric materials is determined by two factors: the ionic
mobility and the ion exchange capacity (IEC). To increase hydroxide conductivity, improving IEC
seems to be an easier way than improving hydroxide mobility. However, increasing IEC always
results in excessive water uptake, which is a negative side effect, leading to severe swelling or even
dissolution at higher temperatures. Moreover, increasing IEC usually leads to an increased zincate
crossover. Therefore, a better and more efficient approach to expanding the hydroxide conductivity
and selectivity is to enhance hydroxide mobility while keeping the IEC at a medium level. Such a
growth in the hydroxide conductivity could be realized by reforming the ionic channels in polymer
structure through hydrophilic/hydrophobic microphase separation. In this approach, a cation which is
usually quaternary ammonium (–NR3

+), is covalently bound to a hydrophobic polymer backbone and
the anion (hydroxide) is dissociated in aqueous phase [10]. Several polymeric materials have been
used to develop this type of separator membrane such as poly(arylene ether)s, poly-(phenylene)s,
poly(ether imide)s, poly(styrene)s, poly(olefin)s, and poly(phenylene oxide)s [11].
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Recently, there has been high interest in poly (phenylene oxide) (PPO) as the polymer backbone.
PPO exhibits low-cost; commercial availability; high thermal, mechanical, and chemical stabilities;
and facile postfunctionalization [12]. Li et al. designed and synthesized comb-shaped quaternized
copolymer using PPO as the base polymer. The synthesis was carried out using Menshutkin reaction
with N,N-dimethyl-1-hexadecylamine (DMHDA), and subsequent hydroxide exchange. In this
process, DMHDA was attached to the benzylic position of PPO through covalent bonding from
nitrogen atom, forming a quaternary ammonium group directly attached to the polymeric backbone
with a pendant long hydrocarbon chain. The polymer exhibited phase-separated morphology with
enhanced ionic conductivity and alkaline stability, making it a potential material as hydroxide exchange
membrane for alkaline fuel cells [13]. In another study, Yang et al. prepared various quaternized
PPO-based anion-exchange membranes using a series of saturated heterocyclic compounds including
1-methylpyrrolidine (MPy), 1-ethylpyrrolidine (EPy), 1-butylpyrrolidine (BPy), 1-methylpiperidine
(MPrD), 1-ethylpiperidine (EPrD), and N-methylmorpholine (NMM). Also, the comparison of their
physicochemical characteristics with TMA-quaternized PPO as the benchmark polymer was performed.
The quaternized membranes showed different ionic conductivity and alkaline stability, depending on
the quaternization agent used. For example, the polymer containing 1-methylpyrolidine exhibited
ionic conductivity of 27 mS·cm−1 at 80 ◦C and excellent alkaline stability, keeping 87% of its original
conductivity after being soaked in 1 M KOH at 80 ◦C for 500 h [14].

Although this strategy has already been used in fuel cell technology, its application in zinc–air
batteries, where an alkaline stable hydroxide exchange membrane is required as well, is very rare.
The main focus of this study is to synthesize PPO-based microphase separated hydroxide exchange
membrane through the attachment of three various quaternary ammonium molecules to the main
polymeric backbone with the aim of developing ionic channels for selective transfer of hydroxide
ions. Even though the main aim of developing new separators with acceptable ionic conductivity and
low zincate crossover is for overcoming challenges associated with rechargeable zinc–air batteries,
this phase of our study includes separators characterization and their application in a primary zinc–air
battery as an indication of their applicability in secondary batteries. The separators are characterized
using physicochemical and electrochemical characterization tools to investigate their properties,
including their ionic conductivity and zincate diffusion coefficient. Then, they are implemented in
a primary zinc–air battery to study their influence on battery performance. The ionic conductivity,
along with suppressed zincate crossover, makes this new separator an excellent candidate to be used
in primary and secondary zinc–air batteries. In the next phase, the application of the separators in
rechargeable zinc–air batteries will be investigated.

2. Results and Discussion

2.1. Separator Membrane Synthesis

Schematic view of the membrane synthesis process is illustrated in Figure 1. In the first stage,
a mixture of N-bromosuccinimide (NBS) and benzoyl peroxide (BPO) is used for the bromination
reaction. NBS acts as the bromination agent, and BPO is the initiator of the reaction. Controlling the
temperature and reaction condition is very crucial to ensure that the bromination reaction takes place
dominantly in the benzylic position and aromatic hydrogen atoms are not being involved in the reaction.
Quaternization using three amine molecules including trimethylamine (TMA), 1-methylpyrrolidine
(MPY), and 1-methylimidazole (MIM) was carried out at room temperature in 48 h using an excessive
amount of the amine molecules to make sure of complete reaction. Subsequently, the quaternized
polymer was casted to fabricate uniform and flexible films with the thickness of 40 to 60 μm. In the
final stage, the films were soaked in potassium hydroxide (KOH), 7 M solution for 72 h for completing
hydroxide exchange of bromine ions in the polymer structure. To make sure of the ion exchange
process, every 24 h, the hydroxylation solution was changed to a fresh solution [15]. Three PPO-based
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separator membranes containing trimethylamine (PPO–TMA), 1-Methylpyrrolidine (PPO–MPY) and
1-methylimidazole (PPO–MIM) were synthesized.

Figure 1. Schematic diagram of the membrane preparation process.

2.2. Structural Changes

2.2.1. Proton Nuclear Magnetic Resonance

Figure 2 shows the proton nuclear magnetic resonance (1HNMR) spectrum of the brominated
PPO. As previously reported in [16], pure PPO shows two characteristic peaks at around 2.1 and
6.5 ppm, assigned to the methyl (benzylic: –CH3) and aryl protons, respectively. After bromination,
a new peak appeared at 4.3 ppm, which is attributed to the brominated methyl protons (–CH2Br).
Furthermore, no peak was observed at 6 ppm (assigned to shifted aryl protons due to the bromination of
neighboring aryl protons), showing that the bromination occurred dominantly at benzylic positions [17].
Considering the ratio of the integral area of CH3 and CH2, the bromination degree of the PPO was
calculated to be 39%. Successful bromination reaction was confirmed using 1HNMR spectrum [14].
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Figure 2. 1HNMR spectra of BrPPO in CDCl3. The blue line indicates the characteristic peak of brominated
methyl protons (–CH2Br). The red line indicates the characteristic peak of methyl (benzylic: –CH3).

2.2.2. Fourier-Transform Infrared Spectroscopy

A successful synthesis of BrPPO and associated quaternized membranes was also confirmed by
Fourier-transform infrared (FTIR) spectroscopy, as shown in Figure 3. Characteristic peaks of phenyl
group of PPO appeared at about 1600 and 1470 cm−1, corresponding to C=C stretching of the benzene
ring and C–H stretching, respectively [14,16]. Compared to PPO, a new peak appeared at about
987 cm−1 for BrPPO, which was assigned to C-Br stretching [18]. After quaternization using TMA, MPY,
and MIM, C-Br peak disappeared, approving complete quaternization reaction. Furthermore, for all
quaternized samples, a broad peak appeared at 3200–3600 cm−1, attributed to O–H stretching of the
water molecules absorbed into the samples due to their increased hydrophilicity after quaternization.
Moreover, for PPO–MIM, two strong absorption peaks appeared at about 750 and 1540 cm−1, related to
the presence of imidazolium cations in the sample [19]. FTIR results also show successful bromination
of PPO and nucleophilic substitution of BrPPO with quaternization agents.

Furthermore, to have an initial evaluation of the separator membranes’ chemical stability,
PPO–TMA and PPO–MPY were soaked in KOH, 7 M solution for 150 h at 30 ◦C, and then, after washing
and drying, they were analyzed using FTIR. As could be seen in Figure 3d,f, they showed similar
characteristic peaks after soaking in the alkaline solution, and no significant change was observed in
their spectrum, showing their stability in the solution used for zinc–air batteries.

Figure 3. FTIR spectra of (a) PPO, (b) BrPPO, (c) PPO–TMA, (d) PPO–TMA after 150 h soaking in KOH,
7 M (e) PPO–MPY, and (f) PPO–MPY after 150 h soaking in KOH, 7 M, and (g) PPO–MIM. The broad
peak shown in the dash line frame is attributed to O–H stretching of the water molecules absorbed into
the samples due to their increased hydrophilicity after quaternization.
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2.3. Thermal Properties

Figure 4 shows thermogravimetric analysis (TGA) curves for various separator membranes in
their hydroxide form. Pristine PPO shows a single degradation step at 438 ◦C, as studied before [14].
The decomposition of BrPPO happened in two steps, with the first related to the degradation of
brominated parts at 312 ◦C and the second for the PPO backbone decomposition at 438 ◦C [20].
Furthermore, all quaternized samples showed a three-step similar degradation behavior. The first step
at approximately 90 to 150 ◦C was ascribed to the removal of moisture absorbed onto hydrophilic
samples. The intensity of this peak for PPO–MIM was lower than those of PPO–TMA and PPO–MPY,
showing its lower hydrophilicity, as confirmed by its lower water uptake (Table 1). The second peak at
~180–250 ◦C was attributed to the degradation of various quaternary ammonium groups, and the final
degradation step was for PPO backbone at 405–420 ◦C [14]. Second degradation peak of PPO–MIM,
related to the decomposition of 1-methylimidazolium quaternary ammonium group, occurred at a
higher temperature compared to PPO–TMA and PPO–MPY. This could be attributed to the presence of
an aromatic ring in its structure, leading to higher thermal stability [21]. TGA results revealed that all
PPO-based separator membranes meet the thermal stability requirement for being used in zinc–air
battery applications, which are usually operated at room temperature, or at the highest temperature
below 80 ◦C [5].

Figure 4. TGA curves of PPO, BrPPO, PPO–TMA, PPO–MPY, and PPO–MIM.

2.4. Electrochemical Characterization

2.4.1. Ionic Conductivity

Separator membranes need to absorb water/electrolyte to be able to conduct ions. Table 1 shows
water and electrolyte uptake for various PPO-based separators along with their area and volume
change induced by the uptake. As could be seen, PPO–TMA and PPO–MPy show high water uptake of
89 and 78%, respectively, showing their high hydrophilicity. However, the water uptake of PPO–MIM
was as low as 13%, resulting from its low tendency to water absorption. This water uptake led to
corresponding area and volume increase in the membranes, as shown in the table. Similar results have
been obtained in previous studies for these three membranes [14].

Since in the zinc–air cell KOH, 7 M is used as the electrolyte, the uptake and dimensional change
of the membranes were also measured in this electrolyte. All the membranes absorbed less electrolyte
compared to water (~30% for PPO–TMA and PPO–MPY, and only 3% for PPO–MIM), leading to
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lower dimensional change. Also, very low electrolyte uptake of PPO–MIM was reflected in the ionic
conductivity measurements, showing very low conductivity of 0.003 mS/cm determined using Nyquist
plot of electrochemical impedance spectroscopy (EIS) (Figure 5). For PPO–TMA and PPO–MPy,
the ionic conductivity was calculated to be 17.37 and 16.25 mS/cm. Due to deficient electrolyte uptake
and low ionic conductivity of PPO–MIM, it was not included in the rest of the study.

Slightly higher ionic conductivities have been reported for the same separator membranes,
which could be attributed to the higher measurement temperature and lower KOH solution
concentration. In this study, the measurements were carried out in KOH, 7 M solution to mimic the
real cell operation condition. As can be seen in Table 1, the separator membranes absorb much less
electrolyte than they do in water, resulting in lower measured ionic conductivity.

Figure 5. Nyquist plot of electrochemical impedance spectroscopy (EIS) for determining ionic
conductivity of PPO-based separator membranes.

145



Int. J. Mol. Sci. 2019, 20, 3678

T
a

b
le

1
.

Ba
si

c
pr

op
er

ti
es

of
PP

O
–T

M
A

,P
PO

–M
Py

,a
nd

PP
O

–M
IM

se
pa

ra
to

r
m

em
br

an
es

.

S
a

m
p

le

D
I

W
a

te
r

K
O

H
,

7
M

T
h

ic
k

n
e

ss
(μ

m
)

A
re

a
(c

m
2
)

R
b

(Ω
)

2
Io

n
ic

C
o

n
d

u
ct

iv
it

y
(m

S
/c

m
)—

σ

Z
in

ca
te

D
iff

u
si

o
n

C
o

e
ffi

ci
e

n
t

(×
1

0
−8

cm
2
/m

in
)—

D
U

p
ta

k
e

Δ
W

(w
t%

)

A
re

a
C

h
a

n
g

e
Δ

A
(%

)

V
o

lu
m

e
C

h
a

n
g

e
Δ

V
(%

)

U
p

ta
k

e
Δ

W
(w

t%
)

A
re

a
C

h
a

n
g

e
Δ

A
(%

)

V
o

lu
m

e
C

h
a

n
g

e
Δ

V
(%

)

PP
O

–T
M

A
89

65
11

9
31

11
39

50
1.

76
6

0.
16

30
17

.3
7

1.
13

PP
O

–M
Py

78
41

76
30

11
39

40
1.

76
6

0.
13

94
16

.2
5

0.
28

PP
O

–M
IM

1
13

14
30

3
0

0
30

1.
76

6
5.

80
14

0.
29

N
/A

1
D

ue
to

ve
ry

lo
w

el
ec

tr
ol

yt
e

up
ta

ke
of

PP
O

–M
IM

an
d

its
ve

ry
lo

w
io

ni
c

co
nd

uc
tiv

ity
,t

hi
s

m
em

br
an

e
w

as
no

ti
nc

lu
de

d
in

th
e

re
st

of
th

e
st

ud
y.

2
R

b
va

lu
es

w
er

e
ob

ta
in

ed
by

de
du

ct
in

g
th

e
va

lu
e

ob
ta

in
ed

fo
r

th
e

ce
ll

w
it

ho
ut

us
in

g
an

y
se

pa
ra

to
r

(4
.4

60
6

Ω
)f

ro
m

th
e

re
si

st
an

ce
va

lu
es

m
ea

su
re

d
fo

r
ea

ch
sa

m
pl

e.

146



Int. J. Mol. Sci. 2019, 20, 3678

2.4.2. Zincate Crossover

To realize electrochemically rechargeable Zn–air batteries, minimizing zincate crossover from the
anode to the cathode is essential. In this regard, highly selective separator materials with acceptable
hydroxide conductivity and limited zincate ion conductivity play an important role. In this study,
a two-chamber diffusion cell was used to quantitatively investigate the zincate crossover through
the developed separator membranes. The left chamber contained KOH, 7 M solution plus 0.5 M
dissolved ZnO in the form of zincate ions and the right chamber contained only KOH, 7 M solution.
The separator membrane was place between two chambers and the concentration gradient-driven
crossover of zincate ions to the right chamber was measured as a function of time using inductively
coupled plasma atomic emission spectroscopy (ICP–OES).

As could be seen in Figure 6a, the concentration of zinc ions in the right chamber increased with time
for both PPO–TMA and PPO–MPY separator membranes. However, the slope of increase for PPO–MPY
was lower than that of PPO–TMA, showing its lower zincate crossover during time. Furthermore,
the diffusion coefficient of zincate ions through the separators was calculated using Equation 5. Besides,
Figure 6b depicts the diffusion coefficient for two separator membranes. As can be seen, the diffusion
coefficient for PPO–TMA and PPO–MPY was 1.13 × 10−8 and 0.28 × 10−8 cm2/min, respectively,
indicating lower zincate crossover for PPO–MPY compared to PPO–TMA. Nevertheless, in comparison
with other separators previously studied, such as Celgard3501 (232.4 × 10−7 cm2/min), PVA/PAA
film (110.2 × 10−7 cm2/min), Nafion bearing electrospun PVA/PAA mat (4.1 × 10−7 cm2/min) [9] PEI
nanofibers impregnated with PVA (5.0 × 10−6 cm2/min) [8], and even Nafion (0.4 × 10−7 cm2/min) [9];
PPO-based membranes have much lower zincate diffusion coefficient, making them highly desirable
for zinc–air battery separators. This could be ascribed to the formation of ionic channels in the polymer
structure through hydrophilic/hydrophobic microphase separation. As a result, the crossover of bulky
zincate ions through the membrane separator was suppressed, but smaller hydroxide ions could pass
through the separator.

Figure 6. Variation of the zincate concentration in the right chamber vs. time (a) and zincate diffusion
calculation curves (b) for PPO–TMA and PPO–MPY separators.

2.4.3. Electrochemical Stability

The electrochemical stability window, which is defined as the width of voltage where no appreciable
faradaic current flows, could be studied using cyclic voltammetry (CV). A wide electrochemical window
is very crucial for the application of the membranes in batteries [22]. As could be seen in Figure 7,
for PPO–TMA, there was no significant decomposition of separator components observed in a range of
−1.5 to +1.5 V, providing a stability widow of 3 V. For PPO–MPy, the stability window was measured
to be 4 V, which is even higher than that of PPO–TMA. These extensive electrochemical stability
windows, wider than most of the previously studied separator materials [8,9,22,23], make PPO-based
separator membranes a highly stable candidate to be used in battery applications, without any worry
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about the membranes themselves being involved in the electrochemical reaction during charge and
discharge cycles.

Figure 7. Cyclic voltammograms of PPO–TMA and PPO–MPY.

2.5. Discharge Performance

Zincate crossover affects the zinc–air battery performance in two main ways: (1) high crossover
of zincate ions makes zinc ions inaccessible for the anode electrode during the charging process,
negatively affecting battery performance. This is important for electrically rechargeable zinc–air
batteries. (2) Due to electrolyte deficiency at the cathode side, zincate ions are precipitated as zinc
oxide on the surface of catalyst particles, resulting in higher polarization of air electrode and capacity
loss of zinc–air batteries because of formation of a resistive layer to ion/electron conduction. This will
affect both primary and secondary zinc–air batteries [8]. Even though the main purpose of developing
new separator material with low zincate crossover is to overcome the challenges associated with
electrically rechargeable zinc–air batteries, in this study the PPO-based separators were used in a
primary battery to have an indication of its applicability in secondary batteries, which will be the next
stage of our work.

The prepared separator membranes were integrated into a homemade zinc–air battery with
effective separator and cathode area of 1.77 cm2. Figure 8 shows the polarization characteristics of
pristine zinc plate in KOH, 7 M in a zinc–air cell using various separator membranes. The voltage and
power of the cells show a strong dependency on the discharge current. Except for the initial sharp
drop, all the cells showed a linear voltage decrease with an increase in the discharge current, revealing
the dominance of ohmic losses on the cell performances [24]. Filter paper-based separator (FPS) was
used as a benchmark separator. The intensity of ohmic losses for various separator membranes were
in the order of FPS > PPO–TMA > PPO–MPY, revealing their ohmic resistance in the cell operation
condition. The cells with FPS, PPO–TMA, and PPO–MPY showed maximum discharge current density
of 89, 104, and 117 mA/cm2 with a maximum power density of 55, 61, and 70 mW/cm2, respectively.
The comparison demonstrates lower ohmic loss for PPO-based membranes compared to FPS as a
benchmark separator. It could be attributed to the formation of ionic channels in the structure of the
membranes, facilitating hydroxide ions traveling through the separator.
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Figure 8. Polarization characteristics of the cells with various separators of PPO–MPY, PPO–TMA,
and filter paper-based separator (FPS).

Galvanostatic discharge profiles of zinc–air cells assembled using PPO–TMA and PPO–MPY
separator membranes at discharge current densities in the range of 2.5 to 15 mA/cm2 are presented in
Figure 9. For PPO–TMA (Figure 9a), the highest discharge capacity and power of 803 mAh/gZn

and 932 mWh/gZn was obtained for discharge current of 15 mA/cm2 at 0.9 V cut-off voltage.
With decreasing the discharge current density, discharge time increased, and discharge capacity
decreased to ~770 mAh/gZn for 2.5 mA/cm2. This could be attributed to the higher hydrogen evolution
and zinc corrosion reaction due to the elongated cell operation time [24]. However, because of having
higher discharge voltage at lower discharge current densities (lower ohmic loss), the power increased
to ~1015 mWh/gZn for 2.5 mA/cm2 discharge current density. A similar trend was observed for the
cell using PPO–MPY as a separator membrane, as could be seen in Figure 9b. The highest specific
capacity of 795 mAh/gZn was achieved at a discharge current density of 15 mA/cm2, decreasing to
772 mAh/gZn for 2.5 mA/cm2. The power of the cell increased from 931 mWh/gZn for 15 mA/cm2 to
996 mWh/gZn for 2.5 mA/cm2 discharge current density. The cells assembled using both PPO-based
separator membranes exhibited very high specific capacity and power [8].

Figure 9. Galvanostatic discharge profile of the cell with PPO–TMA (a) and PPO–MPY (b) as a separator
membrane at discharge current densities of 2.5 to 15 mA/cm2.

A comparison between the specific capacity of the cells assembled using PPO–TMA, PPO–MPY,
and FPS at discharge current densities of 5 and 15 mA/cm2 is shown in Figure 10. As could be seen,
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for 5 mA/cm2, the capacity of the cells is in the same range of ~770 mAh/gZn for all three membranes.
However, with increasing the discharge current density to 15 mA/cm2, the capacity of the cells
using PPO-based membranes increases to around 800 mAh/gZn due to shorter discharge time and so,
lower hydrogen evolution reaction. Nonetheless, for FPS containing cell, the capacity decreased to
~730 mAh/gZn. It reveals the dominance of ohmic losses for this separator membrane in high discharge
current densities. These results are in agreement with the polarization curve of PPO-based membranes
and FPS, showing a lower ohmic loss for PPO-based separators.

Figure 10. Galvanostatic discharge profile of the cells with PPO–TMA, PPO–MPY, and FPS as separator
membrane at discharge current densities of 5 and 15 mA/cm2.

3. Materials and Methods

3.1. Materials

Poly(2,6-dimethyl-1,4-phenylene oxide) powder (PPO), 1-methylpyrrolidine (≥98%),
and manganese (IV) oxide (5μm, 99.99%) were supplied by Sigma-Aldrich (St. Louis, MO,
USA). N-bromosuccinimide (NBS) for synthesis, benzoyl peroxide (BPO, with 25% H2O),
and chlorobenzene were purchased from Merck Millipore. 1-methyl-2-pyrrolidinone (NMP),
ethanol, methanol, and toluene all with Grade AR were purchased from QRëC (New Zealand).
N,N-dimethylformamide (DMF) (LOBA Chemie, Grade AR, Mumbai, India), trimethylamine (TCI,
ca. 25% in methanol), 1-methylimidazole (TCI, ≥99%), chloroform (BDH Chemicals, UK), and KOH
plates (Kemaus, Australia) were used as received without further purification. Nickel (Ni) foam
as cathode current collector with a purity of 99.97%, 100 pores per inch (PPI), and 1 mm thick was
purchased from Qijing Trading Co., Ltd. (Wenzhou, China). Carbon black (Vulcan® XC-72, Cabot
Corporation, Boston, MA, USA), BP-2000 (BLACK PEARLS® 2000, Cabot Corporation), and zinc plate
(0.1 mm thick 99.99%, Shandong Yr Electronic Co., Ltd., Shandong, China) were used as received. Poly
(styrene-co-butadiene) (Sigma-Aldrich, butadiene 4 wt%) was used to prepare binder for the cathode.
Poly(vinyl acetate) (PVAc) from TOA Paint Public Co., Ltd. (Samut Prakarn, Thailand) and No. 4
Whatman filter paper (Sigma-Aldrich) were used to prepare the benchmark separator.

3.2. Separator Membrane Synthesis

PPO-based phase-separated hydroxide exchange separator membranes were synthesized using a
process described previously [19]. The first stage of separator preparation was bromination of PPO
at the benzylic position. A certain amount of PPO was dissolved in chlorobenzene at 50 ◦C under
nitrogen atmosphere to prepare 5 wt/v% solution. Then, the temperature was increased to 80 ◦C, NBS
(with PPO:NBS weight ratio of 1:0.8) and BPO (with NBS:BPO weight ratio of 1:0.05) were added to
the mixture, and the reaction continued for 4 h under nitrogen atmosphere. The solution was then
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cooled down to room temperature and poured into an excessive amount of methanol for product
precipitation. A pale-yellow fiber-like product was separated and then dissolved in chloroform for
purification. The solution was precipitated again in an excessive amount of ethanol, filtered and dried
in the vacuum oven at 60 ◦C overnight.

The next stage was to introduce quaternary ammonium functional group. Brominated PPO
(BrPPO) was dissolved in NMP with the concentration of 7.5 wt/v%, and then an excessive amount of
the quaternization agent (trimethylamine, 1-methylpyrrolidine, and 1-methylimidazole) was added
to the solution. The reaction continued for 48 h in room temperature, and then the product was
precipitated using toluene, washed a few times and then dried in a vacuum oven at 65 ◦C for 24 h [14].

In the next stage, a certain amount of quaternized BrPPO (Q-BrPPO) was dissolved in DMF at
room temperature to prepare 30 wt/v% casting solution. The membrane was fabricated by casting the
prepared solution onto a clean surface. Finally, the prepared cast films were soaked in degassed KOH,
7 M solution for 72 h to exchange the bromine ions in the polymer structure with hydroxide. Fresh
hydroxide exchange solutions were used every 24 h to make sure of complete ion exchange [15].

To evaluate the performance of the synthesized separator membranes, a benchmark membrane
using Whatman filter paper was also prepared. For this purpose, both sides of No.4 Whatman filter
paper was coated with a 24 wt% PVAc solution and dried in an oven at 60 ◦C for 15 min.

3.3. Structural/Physicochemical Characterization

The 1HNMR spectrum of BrPPO was obtained on a Bruker, Avance III HD 500 MHz using
deuterated trichloromethane (CDCl3) as a solvent to determine the bromination degree of PPO.
A Perkin Elmer, Spectrum One Fourier-transform infrared (FTIR) spectrometer in the frequency range
of 4000 to 600 cm−1 was carried out to study the chemical changes in the molecular structure during
various synthesis stages. Thermogravimetric analysis was performed using SDT-Q600 TGA instrument
in the temperature range of 30 to 600 ◦C at a heating rate of 10 ◦C min−1 to evaluate the thermal stability
of the samples.

To measure water/electrolyte uptake capacity of the membranes, they were soaked in water/KOH,
7 M solution for 24 h and the weight differences before and after soaking were used for the measurements
using Equation 1 [8].

ΔW (%) = [(Wwet - Wdry)/Wdry] × 100 (1)

where Wwet and Wdry are the weights of the membranes after and before soaking in water/electrolyte,
respectively. Similarly, dimensional changes of the membranes induced by water/electrolyte uptake
were calculated by Equations 2 and 3 [8].

ΔA (area-based) (%) = [(Awet - Adry)/Adry] × 100 (2)

ΔV (volume-based) (%) = [(Vwet - Vdry)/Adry] × 100 (3)

3.4. Electrochemical Characterization

The ionic conductivity of the prepared membranes was measured using a potentiostat/galvanostat
with impedance measurement unit (AMETEK, PAR VersaSTAT 3A) in the frequency range of
1 Hz–100 kHz with the excitation voltage of 10 mVRMS at room temperature. For this measurement,
a diffusion cell with two chambers was used. EIS measurement with and without the membrane placed
between two chambers containing KOH, 7 M was performed, and the difference in the bulk resistance
(Rb) of the two measurements was used to calculate the ionic conductivity of the membranes using
Equation 4 [25].

σ = l/Rb·A (4)

σ is the ionic conductivity (S/cm), Rb is the bulk resistance (Ω), and l and A are thickness (cm) and area
(cm2) of the membrane, respectively.
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Cyclic voltammetry (CV) was carried out using an AMETEK, PAR VersaSTAT 3A
potentiostat/galvanostat to evaluate electrochemical stability window of the membranes. Two-electrode
configuration tests using 1 × 1 cm2 platinum (Pt) working and counter electrodes were carried out for
CV with a scan rate of 0.05 mV/s.

To study zincate ion (Zn(OH)4
2-) crossover characteristics of the membranes, a kind of diffusion

cell with two chambers was used [9]. The left chamber contained 50 mL of KOH, 7 M solution plus 0.5 M
dissolved ZnO in the form of zincate ions while the right chamber contained only 50 mL of KOH, 7 M
solution (Figure 11). The separator membrane was placed between two chambers. The chambers were
stirred continuously to prevent concentration polarization. The concentration of zinc ions in the right
chamber was measured in a predetermined time interval (12–14 h) using inductively coupled plasma
optical emission spectroscopy (ICP-OES) to obtain time-dependent concentration variation graph.
Moreover, the diffusion coefficient of zincate ions across the separator membranes was calculated from
the experimental data using Equation 5 [9].

ln(CA/(CA − CB)) = (D·A/VB·L)·t (5)

D is the diffusion coefficient of zincate ions across the separator membrane (cm2/min), t is the
time (min), VB is the solution volume in the right chamber (deficiency chamber), A is the effective
surface area (cm2) of the separator, L is the thickness (cm) of the separator, and CA and CB are the
concentration of zincate ions (mol/L) in the left and right chambers, respectively.

Figure 11. Schematic view of the diffusion cell used to measure zincate crossover.

3.5. Discharge Performance

A homemade zinc–air cell was used to evaluate the performance of the separator membranes.
In this cell, the separator was in direct contact with the cathode, and the anode was a 1 × 1 cm2 pure
zinc plate immersed in 40 mL of KOH, 7 M solution (Figure 12). To prepare the cathode, a Ni-foam was
used as the current collector and gas diffusion layer. One side of the foam was coated with a mixture
of BP-2000 (30%) and PTFE (70%), dispersed in ethanol and pressed using a hot-press at 350 ◦C for
15 min (air diffusion side). For preparing the catalyst side of the foam, a mixture of MnO2 (1.2 g: 30%),
BP-2000 (1.4 g: 35%) and VXC-72 (1.4 g: 35%) was used. The mixture was stirred in 35 mL toluene for
2 h, and then 5 mL of 7.5 wt% poly(styrene-co-butadiene) solution in toluene (as a binder) was added
and stirred for another 2 h. The final mixture was coated onto the Ni foam and pressed using a manual
hot-press at 150 ◦C for 10 min. The size of the circular cathode used in the battery tests was 15 mm in
the diameter.
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Figure 12. Schematic view of the discharge zinc–air cell.

Discharge performance was measured using a Battery Testing System (NEWARE, Shenzhen,
China) at room temperature. The cell was discharged at a constant discharge current in the range of 2.5
to 15 mA/cm2. For all experiments, the cut-off voltage was 0.9 V.

4. Conclusions

Three PPO-based hydroxide exchange separator membranes, containing TMA, MPY, and MIM as
quaternization agents, were developed. PPO–TMA and PPO–MPY exhibited excellent characteristics,
required for rechargeable zinc–air batteries. They offered a good ionic conductivity of ~0.17 mS/cm
along with very low zincate diffusion coefficient of 1.13 × 10−8 and 0.28 × 10−8 cm2/min for PPO–TMA
and PPO–MPY, respectively. Besides, their excellent chemical and thermal stability, and wide
electrochemical stability window of higher than 3 V make them a suitable candidate separator for
the batteries. Polarization characteristics of the batteries, using these membranes, showed improved
discharge current density, high discharge capacity, and high discharge power. The results concluded
that PPO–TMA and PPO–MPY significantly enhanced the performances of the batteries. Also,
they represent a promising candidate separator for rechargeable zinc–air batteries.
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Abbreviations

+FPS Filter paper-bases separator
MIM 1-Methylimidazolium
MPY 1-Methylpyrolinine
TMA Trimethylamine
PPO Poly (2,6-dimethyl-1,4-phenylene oxide)
PPO–MIM Quaternized PPO using 1-methylimidazolium
PPO–MPY Quaternized PPO using 1-methylpyrolinine
PPO–TMA Quaternized PPO using trimethylamine
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Abstract: To ameliorate the trade-off effect between ionic conductivity and water swelling of anion
exchange membranes (AEMs), a crosslinked, hyperbranched membrane (C-HBM) combining the
advantages of densely functionalization architecture and crosslinking structure was fabricated by the
quaternization of the hyperbranched poly(4-vinylbenzyl chloride) (HB-PVBC) with a multiamine
oligomer poly(N,N-Dimethylbenzylamine). The membrane displayed well-developed microphase
separation morphology, as confirmed by small angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM). Moreover, the corresponding high ionic conductivity, strongly depressed
water swelling, high thermal stability, and acceptable alkaline stability were achieved. Of special
note is the much higher ratio of hydroxide conductivity to water swelling (33.0) than that of most
published side-chain type, block, and densely functionalized AEMs, implying its higher potential for
application in fuel cells.

Keywords: hyperbranched polymer; crosslinking; alkaline fuel cells; ionic conductivity; water
swelling

1. Introduction

Polymer electrolyte membrane fuel cells recently appeared as one of the most promising
energy-conversion devices owing to their simplified operation, higher power density, and easier
maintenance over conventional fuel cells with liquid solution as electrolyte [1,2]. The commonly used
solid polymer electrolyte is a perfluorinated sulfonic acid-based membrane known as Nafion, which
shows high proton conductivity, excellent mechanical properties, and good chemical stability [3,4].
Despite the extraordinary performance of proton exchange membrane fuel cells (PEMFCs) assembled
with Nafion, the strong acidic conditions restrict the utilization of highly stable catalysts, for example,
platinum or platinum-containing metal alloys [5,6]. To improve these deficiencies while offering a
nice alternative to acidic systems, alkaline fuel cells (AFCs) operating at high pH, permit the usage of
non-platinum catalysts [5,7,8] such as silver, cobalt, or nickel and, therefore, has received considerable
attention over the past few decades. Additionally, AFCs also exhibit distinct advantages over PEMFCs
in terms of faster oxygen reduction kinetics and lower crossover of fuels owing to the opposite direction
of electroosmotic drag [5,9,10]. However, exploring the alkaline electrolyte, that is, anion exchange
membranes (AEMs), which is the key component acting as a separator between oxidant and fuel
chambers and a conductor of hydroxide ions [11–13], with high conductivity, lower swelling, improved
mechanical, and chemical stability compared with Nafion, is an important technical challenge.

High conductivity, which reflects the transporting efficiency of anions, is considered as the
fundamental performance indicator for AEMs. However, the intrinsic lower mobility of OH− and the
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less-developed microphase-separated morphology of aromatic polymers compared with perfluorinated
structures naturally lead to lower ionic conductivity in AEMs compared with well-known proton
exchange membranes (PEMs). To explore alternative AEMs with high ionic conductivity, a significant
amount of research [14,15] has been carried out. Among which, increasing ion exchange capacity (IEC)
values of ionomers is the most common and convenient strategy. However, high ionic conductivity
obtained in this way is always at the expense of severe water uptake and a concomitant decline in
the mechanical strength, especially at elevated temperatures [16,17]. Consequently, IEC values
are typically restricted to be at a moderate level. Another reasonable route is incorporating
functional groups with stronger basicity such as quaternary guanidinium groups [18] and quaternary
1,8-Diazabicyclo[5.4.0]undec-7-ene [19], aiming to enhance the dissociation ability and the simultaneous
increase in ionic conductivity. However, limited success in increasing conductivity was achieved in
this way.

Notably, the subsequent investigation indicates that regulating the configuration of polymer
backbones and the arrangement of ionic functional groups are effective strategies for improving ionic
conductivity [5,20,21]. With respect to the configuration of polymer backbones, block copolymers
are found to have well-defined hydrophilic–hydrophobic phase separated morphology [3,17,22–24].
Additionally, it is verified that positioning the functional groups on side chains rather than backbones
can largely enhance their mobility to aggregate into ionic clusters and promote the microphase
separation [9,21,25,26]. Moreover, decreasing the distance between the functional groups, that is,
densely functionalization based on the block or side-chain type architecture, can further promote
microphase separation and enhance the ionic conductivity [1,16,23,27–29]. However, most traditional
densely functionalization strategies involved preparing multi-cation precursors via multi-steps,
complicated synthesis, and purification procedures, which adds to the production cost and complexity.
Our previous work reported the synthesis of hyperbranched oligomer poly-4-vinylbenzyl chloride
(HB-PVBC) via one-step atom transfer radical polymerization (ATRP) reaction [30], which was a
defining moment in hyperbranched AEM synthesis. The quaternization of HB-PVBC is expected
to yield AEMs with ionic functional groups densely arranged. This specific structure is anticipated
to provide a readily and effective strategy for preparing densely functionalized AEM with clear
microphase separated morphology and high conductivity.

Though great progress has been acquired for increasing ionic conductivity, maintaining depressed
water swelling at the same time remains challenging, especially at elevated temperatures [7]. To get over
this dilemma between ionic conductivity and water swelling, significant research attention has been
rendered and it has been approved that crosslinking is an effective strategy to obtain mechanically robust
AEMs [2,4,29–33]. For instance, the crosslinking membrane CBQAPPO-3 exhibits the highest hydroxide
conductivity of 33 mS cm−1 at room temperature and, simultaneously, benefitting from the crosslinking
structure, much lower water uptake of 47.0% and linear swelling ratio (LSR) of 12.3% in comparison
with that of the uncrosslinked counterpart BQAPPO-0.23 (water uptake = 120.4% and LSR = 24.1%)
were acquired, leading to improved mechanical strength from 6.55 MPa to around 23 MPa [29,34].
More recently, cross-linking was also employed to toughen AEMs. As expected, the crosslinked
membrane exhibits the significant improvement in water uptake (less than 7%), LSR (8%–5%, much
smaller than uncrosslinked membranes) and tensile strength (higher than 18 MPa) [33]. The results
showed that the crosslinking structure provides an efficient and convenient route for preparing
membranes with much lower water swelling and the corresponding improved mechanical property.

Thus, we wonder whether the combination of high cation density and crosslinking could lead
to AEMs with high ionic conductivity and depressed water swelling. To verify this hypothesis,
we designed and fabricated crosslinked, hyperbranched AEMs (defined as C-HBM) by crosslinking the
hyperbranched oligomer HB-PVBC with a multiamine poly (N,N-Dimethylbenzylamine), aiming to
combine the advantages of the densely functionalization architecture and crosslinking. The properties
of the membrane such as microphase separated morphology, water uptake, LSR, ionic conductivity,
alkaline stability, and thermal properties were thoroughly investigated.
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2. Results and Discussion

2.1. Synthesis and Characterization

For the synthesis of N,N-Dimethylbenzylamine (Scheme 1a), 4-vinylbenzyl chloride was first
dropped into an excessive amount of dimethyl amine aqueous solution to alleviate the formation of
quaternary ammonium salt by-product. The mixture is then extracted and vacuum distilled to produce
purified N,N-Dimethylbenzylamine. The purity and chemical structure is identified by proton nuclear
magnetic resonance (1H NMR) analysis, as shown in Figure 1a. The expected chemical shifts and
intensities for N,N-Dimethylbenzylamine were observed accordingly. The appearance of the peak at
2.2 ppm arising from methyl groups along with the shift of benzyl methylene groups from 4.3 ppm
to 3.4 ppm indicates that the benzylic chloride groups has been successfully aminated. 1H NMR
(400 MHz, CDCl3) δ 7.37 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 6.71 (dd, J = 17.6, 10.9 Hz, 1H),
5.73 (dd, J = 17.6, 0.9 Hz, 1H), 5.22 (dd, J = 10.9, 0.9 Hz, 1H), 3.41 (s, 2H), 2.23 (s, 6H).

Scheme 1. Schematic synthesis of the quaternization reagent poly(N,N-Dimethylbenzylamine), the
hyperbranched oligomer poly-4-vinylbenzyl chloride (HB-PVBC) and the crosslinked, hyperbranched
membrane C-HBM-1.78 (ion exchange capacity (IEC)=1.78 g−1). (a) Synthesis of the monomer 1
(N,N-Dimethylbenzylamine) through the amination of 4-vinylbenzyl chloride with dimethyl amine,
and polyamine 2 (poly(N,N-Dimethylbenzylamine )) via radical polymerization; (b) synthesis of the
hyperbranched oligomer HB-PVBC via atom transfer radical polymerization (ATRP) technique; and (c)
the quaternization of HB-PVBC with poly(N,N-Dimethylbenzylamine) to yield densely functionalized
ionomer C-HBM-1.27; further quaternization of C-HBM-1.27 with trimethylamine leads to membrane
C-HBM-1.78 with a higher IEC value. AIBN, 2,2’-azodiisobutyronitrile.
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Figure 1. Proton nuclear magnetic resonance (1H NMR) spectra of (a) the monomer
N,N-Dimethylbenzylamine, (b) polyamine poly(N,N-Dimethylbenzylamine), and (c) the hyperbranched
oligomer HB-PVBC.

The purified N,N-Dimethylbenzylamine was subjected to radical polymerization initiated
by 2,2’-azodiisobutyronitrile (AIBN) to produce the polyamine poly(N,N-Dimethylbenzylamine)
(Scheme 1a). Gel permeation chromatography (GPC) and 1H NMR techniques were used to monitor
the structure. As shown in Figure 1b, the disappearance of vinyl groups at 5.2 ppm, 5.7 ppm, and 6.7 ppm
within N,N-Dimethylbenzylamine in combination with the appearance of new peaks at 1.0−2.5 ppm
assigned to methylene and methylidyne protons demonstrate the successful polymerization of
N,N-Dimethylbenzylamine. 1H NMR (400 MHz, CDCl3) δ 6.96 (d, J = 30.0 Hz, 2H), 6.40 (d, J = 45.8 Hz,
2H), 3.30 (s, 2H), 2.15 (s, 6H), 1.69 (s, 1H), 1.33 (s, 2H). The molecular weight and polydispersity
of poly(N,N-Dimethylbenzylamine) determined by GPC are 1316 g mol−1 and 1.18, respectively
(Figure 2a).
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Figure 2. Gel permeation chromatography (GPC) traces of polyamine poly(N,N-Dimethylbenzylamine)
(a) and the hyperbranched oligomer HB-PVBC (b); IR spectra of oligomer HB-PVBC and membrane
C-HBM-1.27 (c). PDI, polydispersity.

The hyperbranched HB-PVBC was synthesized according to our previous procedure [30]
(Scheme 1b) and its chemical structure was verified by 1H NMR (Figure 1c). As estimated by GPC shown
in Figure 2b, the molecular weight of HB-PVBC is 7560 g mol−1. As shown in Scheme 1b, all the primary
chloride groups are densely distributed surrounding the oligomer HB-PVBC. The quaternization of
primary chloride groups with tertiary amine is expected to endow the resulting ionomer with densely
distributed functional groups. Herein, the polyamine poly(N,N-Dimethylbenzylamine) is utilized as
the quaternization agent to yield densely functionalized AEM, thereby promoting the aggregation of
ionic domains to form interconnected hydrophilic channels. Figure 2c shows the reflectance Fourier
transform infrared (FTIR) spectra of the oligomer HB-PVBC and membrane C-HBM-1.27 (the titrated
IEC value of 1.27 mmol g−1). The peak at around 3400 cm−1 arising from the stretching vibration of
absorbed water molecules of quaternary ammonium salt groups is detected, confirming the successful
implementation of quaternization and crosslinking. The titrated IEC value of 1.27 mmol g−1 further
confirmed the successful functionalization of HB-PVBC. The membrane C-HBM-1.27 at fully hydrated
state displayed tensile strength (TS) of 13.37 MPa and elongation at break (Eb) of 3.31% tested on
dynamic mechanical analyzer. Immersing the membrane in trimethylamine aqueous solution at
room temperature for 24 h can further quaternize the residual primary chloride groups, leading
to an increased IEC of 1.78 mmol g−1. The yield membrane shows similar mechanical properties
(TS = 12.37 MPa, Eb = 5.20%), and is denoted as C-HBM-1.78. Obviously, the mechanical property is
inferior to most published cross-linking membranes [4,31,34], which is probably ascribed to the rigid
structure of HB-PVBC and the multiaimne poly(N,N-Dimethylbenzylamine). As higher ionic content,
that is, IEC value, generally leads to higher ionic conductivity, membrane C-HBM-1.78 is chosen for
thorough investigation in the following section.

2.2. Membrane Morphology

Transmission electron microscopy (TEM) was carried out for membrane C-HBM-1.78 stained
with iodine ions. As shown in Figure 3a, the dark areas represent the soft hydrophilic regions mainly
composed of water and quaternary ammonium clusters, while the brighter ones correspond to hard
hydrophobic matrix mainly composed of aromatic rings [8]. Well-developed microphase separation
morphology with interconnected ionic channels is observed for C-HBM-1.78 throughout the view.
Further observation regarding atomic force microscopy (AFM, Figure 3b) confirms the formation of
well-defined microphase separated morphology.
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Figure 3. Microphase separated morphology images regarding (a) atomic force microscopy (AFM) and
(b) transmission electron microscopy (TEM) of membrane C-HBM-1.78.

Quantitative information on the size of the ionic clusters was obtained from the small-angle X-ray
scattering (SAXS) results (Figure 4). A distinct peak at 0.8 nm−1 (corresponding to an interdomain
Bragg spacing of 7.9 nm) [23] emerged in the scattering profile, indicating the aggregation of ionic
clusters in the densely functionalized AEM C-HBM-1.78. The image observed in TEM and AFM in
combination with the SAXS profile demonstrated that the well-established ionic channels were formed
within membrane C-HBM-1.78. This outstanding morphology is probably attributed to the specific
structure of hyperbranched ionomer with densely distributed quaternary ammonium groups, which
is believed to promote the self-assemble of quaternary ammonium groups to aggregate into ionic
domains by narrowing the distance between quaternary ammonium groups during the membrane
forming process. The formation of interconnected hydrophilic channels can thus be facilitated, which
is beneficial for building effective ion conduction pathways, and guaranteeing high ion conductivity
for membrane C-HBM-1.78. Despite that characteristic hydrophilic–hydrophobic phase separation is
observed, it is apparent from the TEM and the SAXS data that no long-range, regular order of the ionic
phase exists in membrane C-HBM-1.78 [35].

Figure 4. Small-angle X-ray scattering (SAXS) profile for membrane C-HBM-1.78 measured at room
temperature under dry state (the insert is the schematic chemical structure of C-HBM-1.78).

2.3. Ionic Conductivity and Water-Swelling Resistance Property

For a practical fuel cell application, ionic conductivity and water uptake is of particular importance.
An ideal AEM should have high ionic conductivity and depressed water adsorption. The ionic
conductivity for membrane C-HBM-1.27 and C-HBM-1.78 as a function of temperature is displayed in
Figure 5a. Owing to the high sensitivity of hydroxide conductivity in the atmosphere, the chloride
conductivity is measured and plotted as well. As expected, both the hydroxide conductivity and
chloride conductivity increases with increasing temperature as a result of the enhanced dissociation
efficiency and bigger water retention capacity. Higher ion content, that is, IEC value, indeed leads to
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higher conductivity. Specifically, the chloride conductivity for C-HBM-1.27 at 30 ◦C is 25.6 mS cm−1,
while it rises to 39.7 mS cm−1 at 60 ◦C. For membrane C-HBM-1.78, higher chloride conductivity up to
34.2 mS cm−1 at 30 ◦C and 53.9 mS cm−1 at 60 ◦C is achieved.

Figure 5. The ionic conductivity (a) and water uptake and linear swelling ratio (LSR) (b) as a function
of temperature of membrane C-HBM-1.27 and C-HBM-1.78.

For better comparison, the hydroxide conductivity normalized on the basis of IEC (σOH–/IEC) is
put forward, which indicates the efficiency of quaternary ammonium groups in the membrane for
transporting hydroxide ions. As shown in Figure 6, membrane C-HBM-1.78 displayed higher σOH-/IEC
of 25 than that of most published AEMs, including the side-chain-type [36–38], crosslinked [4,33,39],
block [10,17,40], and densely functionalized AEMs [16,28,41], indicating its more efficient utilization of
functional groups. This anion-conducting property should benefit from the well-developed microphase
separated morphology along with interconnected hydrophilic channels, which can provide a smooth
pathway for ion transportation. The high ionic conductivity is thus achieved, implying greater potential
for applications in AFCs. However, as we all know, the high ion conductivity is strongly dependent on
high water contents.

Introducing the cross-linking structure into AEMs is proven to be an effective method of restraining
the water swelling. The water adsorption capacity and water swelling ratio are measured at the
temperature range of 30–80 ◦C. As plotted in Figure 5b, both C-HBM-1.27 and C-HBM-1.78 showed
increased water uptake with increasing temperature. Furthermore, higher water uptake is observed
for membrane C-HBM-1.78 than that of C-HBM-1.27 owing to the higher ion content. For C-HBM-1.78,
an acceptable water uptake of 46.1% and extremely low LSR of 3.2% at 80 ◦C was obtained. The excellent
water-swelling resistance undoubtedly originated from the crosslinking structure and well established
microphase separated morphology, which was confirmed by TEM, AFM, and SAXS. To highlight the
outstanding advantages of the ionomer structure combining dense functionalization and crosslinking,
the hydroxide conductivity and water-swelling resistance property at 30 ◦C of membrane C-HBM-1.78
are listed in Table 1 and compared with reported AEMs in Figure 6. Apparently, the σOH-/water
uptake for our membrane Cr-M-1.78 of 1.1 is much higher than most AEMs with the side-chain-type
(0.5–0.7) [36–38], crosslinking (0.1–0.4) [4,33,39], and block (0.2–0.6) [10,17,40] architectures, indicating
its higher utilization efficiency of water molecules. An outstanding σOH–/LSR value of 33.0 for
membrane C-HBM-1.78 is also obtained, which is around fifteen-fold higher than the side-chain-type
(2.0) [36–38], crosslinking (0.8–2.9) [4,33,39], and block (0.5–2.2) [10,17,40] AEMs, and five-fold higher
than the densely functionalized AEMs (0.9–6.4) [16,28,41]. In general, a great advantage of membrane
C-HBM-1.78, including the higher conductivity in combination with largely depressed water swelling,
is detected. This illustrates the effectiveness of combining dense functionalization and crosslinking to
alleviate the trade-off effect between ionic conductivity and water swelling.
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Figure 6. Comparison regarding effective hydroxide conductivity (σOH-/IEC, σOH-/LSR) of our
membrane C-HBM-1.78 with reported densely functionalized, block, crosslinked, and side-chain-type
membranes.

2.4. Alkaline Stability and Thermal Stability

Fuel cells usually operate under harsh basic conditions and elevated temperatures, which requires
robust alkali-resistance and good thermally stable AEM. The alkaline stability of membrane C-HBM-1.78
is determined by examining the variation of IEC values and chloride conductivity after immersing
membrane samples in a 1 mol L−1 NaOH aqueous solution at 60 ◦C at different exposure times.
The membrane samples maintained their toughness, flexibility, and appearance after stability tests as
long as 240 h, suggesting no decomposition of aromatic main chains. Figure 7 shows the decline in IEC
values and chloride conductivity of membrane C-HBM-1.78 with the conditioning time. The chloride
conductivity of the treated membrane C-HBM-1.78 at the 10th day remains at 22.5 mS cm−1 at 30 ◦C,
which satisfies the basic requirement of the hydroxide conductivity (over 10 mS cm−1) for fuel cell
operation. The IEC values appeared as 1.28 mmol g−1, 72% of the retention after 10 days treatment
was achieved. It has already been demonstrated that the quaternary ammonium groups tend to
disintegrate in alkaline solution because of the displacement of the ammonium group by OH− via
a direct nucleophilic substitution and Hofmann elimination when β-H atoms are present. In the
present study, there is no β-H atom; the C-HBM-1.78 was thus degraded mainly by the nucleophilic
substitution in which the hydroxide ions attack the α-carbon of ammonium cations. The outstanding
alkali-resistance performance should benefit from the well-established hydrophilic–hydrophobic
separation and crosslinking structure, where OH− is confined into hydrophilic domains and the
aromatic rings can be well protected by the additional hydrophobic structure.
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Figure 7. Time courses of chloride conductivity and IEC values of membrane C-HBM-1.78, in 1 mol
L−1 NaOH aqueous solution at 60 ◦C. The membrane sample was converted into chloride form before
conductivity measurement to avoid the influence of atmosphere CO2.

The thermal stability of C-HBM-1.78 was investigated by thermogravimetic analysis (TGA)
analysis. As shown in the TGA and differential thermal gravity (DTG) curve in Figure 8, a three-step
degradation profile is observed for membrane C-HBM-1.78 from room temperature to 700 ◦C.
The first weight loss occurred at around 218 ◦C, presumably corresponding to the degradation of the
benzyltrimethylammonium chloride groups, and indicates the upper limit for practical application
temperature of membrane C-HBM-1.78 in fuel cells. The weight loss between 218 and 700 ◦C is related
to the degradation of the aromatic chains. In general, the thermal stability of C-HBM-1.78 can fulfill
the practical application of fuel cells, which are typically operated at 60–80 ◦C.

Figure 8. Thermogravimetic analysis (TGA) and differential thermal gravity (DTG, illustration) curves
of membrane C-HBM-1.78.

3. Materials and Methods

3.1. Materials

The hyperbranched oligomer HB-PVBC was prepared and purified according to our previous
procedure [34]. The chemical structure was examined by 1H NMR, and the molecular weight
(Mn = 7560 g mol−1, Mw = 23629 g mol−1) and polydispersity (PDI = 3.13) were determined by
GPC. The monomer 4-vinylbenzyl chloride, trimethylamine aqueous solution (30%), and N-methyl
pyrrolidone (NMP) were purchased from Energy Chemical (Shanghai, China) and used as received.
The initiator AIBN was purchased from Energy Chemical (Shanghai, China) and recrystallized from
ethanol. Cuprous chloride (CuCl) was purchased from Energy Chemical (Shanghai, China) and purified
according to the reported procedure [42]. Dimethyl amine aqueous solution (33 wt%), anhydrous
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magnesium sulfate (MgSO4), sodium chloride (NaCl), sodium sulfate (Na2SO4), and silver nitrate
(AgNO3) were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Potassium
chromate (K2CrO4) was purchased from Alfa Aesar (Shanghai, P.R. China) and potassium iodide
(KI) was purchased from Aladdin (Shanghai, P.R. China). Unless otherwise noted, all reagents are of
analytical grade and were used as received. Distilled water was used throughout the experiment.

3.2. Preparation of Monomer N,N-Dimethylbenzylamine (1) and Polyamine
Poly(N,N-Dimethylbenzylamine) (2)

The monomer N,N-Dimethylbenzylamine was synthesized by treating 4-vinylbenzyl chloride with
dimethyl amine at room temperature according to a modified procedure [43]. Specifically, to a dimethyl
amine solution (33 wt%, 50 mL, 0.25 mol) in a 250 mL, three-necked, round-bottomed flask equipped with
a magnetic stir bar, 4-vinylbenzyl chloride (25 mL, 0.18 mol) was added dropwise via a dropping funnel
over a period of 3 h under vigorous stirring. The reaction was allowed to proceed at room temperature
for another 3 h. Then, the organic layer was separated by a separating funnel and dried over anhydrous
MgSO4, and the residue was vacuum distilled to obtain the monomer N,N-Dimethylbenzylamine
from the mixture of N,N-Dimethylbenzylamine and poly(N,N-Dimethylbenzylamine) in 56% yield.
1H NMR was used to characterize the structure.

Poly(N,N-Dimethylbenzylamine) was prepared via radical polymerization using AIBN as an
initiator and NMP as the solvent. In a typical polymerization procedure, N,N-Dimethylbenzylamine
(1.36 g, 8 mmol), NMP (0.6 mL), and AIBN (0.013 g, 0.08 mmol) were introduced into a 25 mL,
round-bottomed flask equipped with a magnetic stir bar. The reaction mixture was filled nitrogen for
20 min to remove oxygen prior to the polymerization process, and subsequently placed into an oil bath
at 65 ◦C. After 12 h, the reaction was stopped and the mixture was diluted with NMP and precipitated
into water. This crude product was further purified for two times, and finally vacuum dried at 50 ◦C
for 24 h to give the white product poly(N,N-Dimethylbenzylamine). 1H NMR was utilized to prove its
successful preparation and GPC was performed to characterize its molecular weight.

3.3. Quaternization of HB-PVBC (3) with Polyamine Poly(N,N-Dimethylbenzylamine) (2)

The densely functionalized AEM was fabricated via facile Menshutkin reaction of HB-PVBC
and poly(N,N-Dimethylbenzylamine). Because of the particular structure of hyperbranched oligomer
HB-PVBC with densely distributed benzylic chloride groups, the quaternization of HB-PVBC with
polyamine poly(N,N-Dimethylbenzylamine) consequently yields a crosslinked AEM with densely
arranged quaternary ammonium groups. In a typical procedure, to a solution of HB-PVBC (0.3 g) in
NMP (6 mL), the solution of poly(N,N-Dimethylbenzylamine) (0.1 g) in NMP (2 mL) was slowly added
under vigorous stirring. After stirring at room temperature for 10 min, the solution was directly cast
on a flat, clean glass plate and then evaporated at 70 ◦C for 12 h, producing a transparent membrane.
The membranes in OH− form were obtained by immersing the membrane in NaOH aqueous solution
(1 M) at room temperature for 24 h. The membrane sample was then washed thoroughly and immersed
in distilled water for 48 h to remove residual NaOH before use.

3.4. Characterization

3.4.1. Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared (FTIR)

The chemical structure of N,N-Dimethylbenzylamine, poly(N,N-Dimethylbenzylamine) and
HB-PVBC was determined by 1H NMR (AVANCEII, 400MHz) with chloroform-d (CDCl3) as solvents.
FTIR was performed on membrane sample and hyperbranched oligomer HB-PVBC on a TENSOR27
FT-IR Spectrometer (Germany) under ambient conditions with a resolution of 5 cm−1 and a wide
spectral range of 4000–500 cm−1 to characterize its structure.
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3.4.2. Gel Permeation Chromatography (GPC)

The molecular weight and polydispersity (PDI=Mw/Mn) of poly(N,N-Dimethylbenzylamine) and
HB-PVBC were determined by GPC on a PL 120 Plus (Agilent Technologies co., Ltd., China) equipped
with a differential refractive index detector. The PL Gel Mixed Carbon 18 SEC columns connected in
series were used to achieve the separation. Freshly prepared polymer samples in tetrahydrofuran (THF,
HPLC grade) were passed through a 0.45 μm polytetrafluoroethylene syringe filter prior to injection.
HPLC grade THF containing 0.03 wt% LiCl was used as the eluent at a flow rate of 1.0 mL min−1.
The detecting system was calibrated with a 2 mg mL−1 polystyrene (Mw = 110K).

3.4.3. Membrane Morphology Characterization

The microphase separated morphology of membrane C-HBM was examined by transmission
electron microscopy (TEM), atomic force microscopy (AFM), and small angle X-ray scattering (SAXS).
The membrane sample for TEM was prepared as follows: membranes were stained by soaking in a
1 mol L−1 potassium iodide (KI) aqueous solution at room temperature for 72 h, then washed with
distilled water many times to remove the absorbed KI, and dried under vacuum at 40 ◦C. The stained
membrane sample was then sectioned to yield slices with a thickness of 60–100 nm using a LEICA
UC7FC7 ultramicrotome and coated on a copper grid. The electron micrograph was taken on a
JEM-2100 transmission electron microscope operated at an accelerating voltage of 200 kV.

AFM observations in tapping mode were performed on a membrane sample in dry state with
a veeco diInnova scanning probe microscope (SPM), using micro fabricated cantilevers with a force
constant of approximately 20 N m−1.

SAXS measurement was carried out on the SAXSess mc2 X-ray scattering system (Anton Paar).
SAXS measurement was performed with Cu Kα radiation operating at 2 kW (40 kV and 50 mA). The
distance between the sample and detector was approximately 260 mm and the wavelength of X-rays
was 1.542 Å. The exposure time was 30 min for the sample.

3.4.4. Ion Exchange Capacity (IEC)

IEC was measured by Mohr’s method. The membrane sample was firstly soaked in NaCl aqueous
solution (1 M) for 24 h, then washed with distilled water to remove the absorbed NaCl and dried to
a constant weight and weighed as Wdry. Finally, the membrane was immersed in Na2SO4 aqueous
solution (0.5 M) for 24 h to exchange Cl− from the membrane with SO4

2−. The released Cl− ions were
then titrated with AgNO3 aqueous solution (0.05 M) using K2CrO4 as a colorimetric indicator. The IEC
value can thus be calculated from the amount of AgNO3 consumed in the titration process and the
mass of the dry membrane in Cl− form, as shown in Equation (1).

IEC(mmol/g) = VAgNO3 ×CAgNO3 /Wdry (1)

3.4.5. Hydroxide Conductivity and Chloride Conductivity

The OH− conductivity and chloride conductivity of membrane C-HBM were measured using a
four-point probe technique on an Autolab PGSTAT 302N (Eco Chemie, Switzerland) equipped with
a Teflon cell. During the measurement, the membrane sample was set into the Teflon cell, in which
it was in contact with two current-collecting electrodes and two potential-sensing electrodes. Then,
the cell was completely immersed in distilled water, and the impedance spectrum in galvanostatic
mode and with an ac current amplitude of 0.1 mA over frequencies ranging from 1 MHz to 100 Hz was
collected. Bode plots were used to determine the frequency region over which the magnitude of the
impedance was constant. The ionic resistance of membrane was then obtained from a Nyquist plot
and the ionic conductivity was calculated according to Equation (2):

σ = L/RWd (2)
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where L is the distance between two potential-sensing electrodes (here, 1 cm); R is the absolute ohmic
resistance of the membrane sample; and W (here, 1 cm) and d are the width and thickness of the
membrane, respectively.

3.4.6. Water Uptake and Linear Swelling Ratio (LSR)

Membrane samples in Cl− form were immersed in distilled water at given temperatures for 24 h,
then removed, and the membrane surfaces were quickly wiped dry with tissue paper. Water uptake
and LSR of the membranes were calculated from the mass and length of wet and dry samples as
follows:

WU(wt%) =
(
Wwet −Wdry

)
/Wdry × 100% (3)

LSR(%) =
(
Lwet − Ldry

)
/Ldry × 100% (4)

where Wwet and Lwet are the weight and length of the wet membrane, and Wdry and Ldry are those of
the dry membrane after dried at 60 ◦C in a vacuum oven for 24 h, respectively.

3.4.7. Dynamic Mechanical Analyzer

The mechanical property of C-HBM at fully hydrated state was tested on a Q800 dynamic
mechanical analyzer (TA Instruments) at a stretch rate of 0.5 N min−1.

3.4.8. Thermogravimetic Analysis (TGA)

The thermal behavior of the membrane C-HBM was examined on a Perkin-Elmer Pyris-1 analyzer
(USA) from 30 to 700 ◦C at a heating rate of 10 ◦C min−1 under a nitrogen atmosphere.

3.4.9. Alkaline Stability

To assess the alkali-resistance property of C-HBM, membrane samples were immersed in 1 mol L−1

NaOH aqueous solutions at 60 ◦C for 10 days. They were then taken out and thoroughly washed with
distilled water prior to the measurement of IEC values and ionic conductivity. The chloride conductivity
was measured by exchanging OH− with Cl− thoroughly to avoid the influence of atmosphere CO2.

4. Conclusions

In conclusion, to alleviate the trade-off effect between ionic conductivity and water swelling,
a crosslinking hyperbranched AEM was designed and fabricated, aiming to combine both advantages
of dense functionalization and crosslinking. As expected, a much higher ratio of hydroxide conductivity
to water swelling than that of the common side-chain-type, block, and single dense functionalization
and single crosslinking AEMs was observed. Additionally, outstanding alkaline stability and thermal
stability were also obtained for membrane C-HBM-1.78. The combination of excellent hydroxide
conductivity and outstanding water-swelling resistance makes membrane C-HBM-1.78 attractive as
AEM materials for fuel cell applications. Furthermore, this strategy proposed herein opens up new
possibilities for overcoming the trade-off effect between ionic conductivity and water swelling for ion
exchange membranes.
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Abbreviations

PEMs Proton exchange membranes
AEMs Anion exchange membranes
AFCs Alkaline fuel cells
PEMFCs Proton exchange membrane fuel cells
NMP N-methyl pyrrolidone
HB-PVBC Hyperbranched poly(4-vinylbenzyl chloride)
AIBN 2,2’-azodiisobutyronitrile
ATRP Atom transfer radical polymerization
IEC Ion exchange capacity
LSR Linear swelling ratio
GPC Gel permeation chromatography
NMR Nuclear magnetic resonance
FTIR Fourier transform infrared
TEM Transmission electron microscopy
AFM Atomic force microscopy
SAXS Small angle X-ray scattering
DSC Differential scanning calorimetry
TGA Thermogravimetic analysis
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Abstract: The main objective of this study is to explore the influence of ion composition on the
trans-membrane potential across the ion exchange membrane (IEM), and thus offers a reference for the
deep insight of “reverse electrodialysis heat engine” running in the composite systems. In comparison
to the natural system (river water | seawater), the performance of the reverse electrodialysis (RED)
stack was examined using NaHCO3, Na2CO3, and NH4Cl as the supporting electrolyte in the
corresponding compartment. The effect of flow rates and the concentration ratio in the high salt
concentration compartment (HCC)/low salt concentration compartment (LCC) on energy generation
was investigated in terms of the open-circuit voltage (OCV) and power density per membrane area. It
was found that the new system (0.49 M NaCl + 0.01 M NaHCO3|0.01 M NaHCO3) output a relatively
stable power density (0.174 W·m−2), with the open-circuit voltage 2.95 V under the low flow rate of
0.22 cm/s. Meanwhile, the simulated natural system (0.5 M NaCl|0.01 M NaCl) output the power
density 0.168 W·m−2, with the open-circuit voltage 2.86 V under the low flow rate of 0.22 cm/s.
The findings in this work further confirm the excellent potential of RED for the recovery of salinity
gradient energy (SGP) that is reserved in artificially-induced systems (wastewaters).

Keywords: salinity gradient power; reverse electrodialysis; concentration difference;
electrolyte composition

1. Introduction

With the exhaustion of conventional fossil fuels and the excessive emission of greenhouse gas
(CO2), the demands on renewable energy has grown in the past decades. Salinity gradient energy (SGP)
was recognized as one kind of blue energy which was reserved in seawater and river water. It was
estimated that 2.4–2.6 TW energy was available by discharging rivers into oceans [1,2], based on Gibbs
free energy of mixing. Using reverse electrodialysis (RED) as an energy conversion strategy, it is possible
to recover SGP in the natural environment through an economically competitive and environmentally
friendly manner. It has attracted growing attention because of its inherent advantages, such as clean
and pollution-free, and simple installation [3–5]. RED uses ion exchange membranes as the separators,
and allows the perm-selective transportation for cations and anions [6–8]. When the solution with
different concentration is introduced into the corresponding compartment, the ions move across the
correlative membranes, and the ion flux is transferred into the electron flux on the electrode. Generally,
redox ion pairs (i.e., Fe3+/Fe2+) were used as the supporting electrolyte in the anode and cathode,
or salt/base/acid supporting electrolyte to create water electrolysis circumstance [9,10]. The overall
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potential could be raised according to the requirements, by repeatedly assembling the membrane pairs
(one membrane pair: 1 pc. cation exchange membrane + 1 pc. anion exchange membrane).

The natural system of river water|seawater was the dominant case which has been comprehensively
investigated because of its abundant deposits [2,11,12]. The investigations on the optimization of ion
exchange membranes or the membrane stack assembly were also the hotspots for the improvement of
power density and the SGP recovery efficiency [5,11–15].

Some works reported a novel “reverse electrodialysis heat engine” technique that used ammonium
bicarbonate (NH4HCO3) as the supporting electrolyte, and the waste heat as the “driven-force” to
push the reaction NH4HCO3↔NH3+CO2+H2O forwards. In the discharging circle, NH3 and CO2 gas
dissolved in the concentrated solution, and the free ions (NH4

+, HCO3
−, CO3

2−) diffuse across the ion
exchange membrane (IEM) following the classical RED principle. Consequently, the decomposition of
NH4HCO3 is the charging circle which recovers the diffused NH4HCO3 into the NH3 and CO2 gas.
Recently, it was found the power density of the reverse electrodialysis heat engine system was slightly
lower than the natural system on the basis of identical molar concentrations [16,17]. Meanwhile, the
solution pH flow cell for converting waste carbon dioxide into electricity was also investigated [18].

Here in this work, we investigated the ion composition on the influence of energy recovery in the
discharging circle of the heat engine. By using NaHCO3, Na2CO3, NH4Cl, and the composited solutions
of NaCl +NaHCO3, NaCl +Na2CO3, NaCl +NH4Cl as the supporting electrolyte, we investigated
the changes in the trans-membrane potential and power recovery in respect to the ion composition.
Then, we provide deep insights into the reliability of the heat engine in complex compositions.

2. Results and Discussion

2.1. The Influence of Ion Species on Trans-Membrane Voltage

Lots of theoretical models and experimental studies have focused on improving the RED
performance by means of salt concentration difference between adjacent ion exchange membrane,
according to the Nernst theory [19]. Here in this work, RED was operated by introducing high
electromotive force and changing the ion composition in both the high salt concentration compartment
(HCC) and low salt concentration compartment (LCC). The system used in the experiments are listed
in Table 1.

Table 1. The ion composition in the high salt concentration compartment (HCC) and low salt
concentration compartment (LCC) in the experiments.

Salt Type HCC LCC

Case No.1 0.5 M NaCl 0.01 M NaCl

Case No.2 0.5 M NaCl 0.01 M NaHCO3

Case No.3 0.49 M NaCl + 0.01 M NaHCO3 0.01 M NaHCO3

Case No.4 0.49 M NaCl +0.005 M Na2CO3 0.005 M Na2CO3

Case No.5 0.49 M NaCl + 0.01 M NH4Cl 0.01 M NH4Cl

The trans-membrane voltage for the anion exchange membrane (AEM) and cation exchange
membrane (CEM) was investigated and given in Figure 1. It was found that the trans-membrane
voltage across the CEMs and AEMs was around 85 mV in the simulated seawater|river water system
(0.5 M NaCl|0.01 M NaCl), which is close to the theoretical Nernst potential. The finding here proves
the ion exchange membranes used in the experiment have the desired transport number, and perform
perm-selectivity toward the counter-ions well (i.e., CEM allows the transition of cations (counter-ion)
and block the anions (co-ion), vice versa for AEM). When the electrolyte in the solution was changed
to Na2CO3, NaHCO3, or NH4Cl, the changes in transmembrane voltage drop was noticed. However,
the changes in AEMs and CEMs are absolutely different. For system Case No.2, the trans-membrane
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voltage on AEM increases to ca. 93 mV. It was further increased to ca. 97 mV on AEM in the 0.49
M NaCl + 0.01 M NaHCO3|0.01 M NaHCO3 system, without significant changes in CEM. However,
the trans-membrane voltage on AEM decreased to 90 and 80 mV when changing the system to 0.49
M NaCl + 0.005 M Na2CO3|0.005 M Na2CO3 and 0.49 M NaCl + 0.01 M NH4Cl|0.01 M NH4Cl. The
trans-membrane voltage changes in CEM was only found in the 0.49 M NaCl + 0.01 M NH4Cl|0.01 M
NH4Cl system (Case, No.5) system, which is about 78 mV. The changes were mainly attributed to ion
species transporting across the membrane matrix, and could be calculated according to the Nernst
equation for the multi-component case.

Figure 1. The transmembrane voltages on the AEM and CEM for Case No. 1–5.

The total stack electric resistance was investigated prior to the practical RED operation to survey
the fundamental information of the RED stack. The electric resistance was recorded using the electric
load under the OCV mode, by maintaining the flow rate at 135 mL·min−1 for all the five cases (to
avoid the hydrodynamic influence). It is found in Figure 2 that Case No. 3 has the lowest total stack
electric resistance (ca. 18 Ω) in the five operations. Case No. 5 has the highest total stack electric
resistance (ca. 20.6 Ω), which may be owing to the introduction of the NH4

+ ion. The NH4
+ ion has

corresponding different physicochemical characters (bare ion radius (0.148 nm), hydrated radius (0.331
nm), hydration free energy (29.5 kJ/mol-ion)), in comparison to the Na+ ion (bare ion radius (0.117
nm), hydrated radius (0.358 nm), hydration free energy (365 kJ/mol-ion)) [20]. They perform absolute
different properties when transporting across IEMs.

Figure 2. The total stack resistance tested in the open-circuit voltage (OCV) mode, for Case No. 1–5.

2.2. Polarization Curves of RED

The polarization curves for experiments Case No.1 and Case No.3 were investigated for the
understanding of the influence of ion composition on power density. When the external load was
connected with RED stack, the voltage output U could be calculated as the difference between the
electromotive force EOCV and the voltage drop across the internal resistance Rstack (U = EOCV − I Rstack).
The changes in voltage output (black line) and power density (blue line) in the function of the electric
current was plotted as the two polarization curves, and are shown in Figure 3. It was found that OCV
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for both operations decreases with the loading current. The maximum EOCV (OCV) are 2.95 and 3.06 V,
while perform the same short-circuit current (0.155 A) for both cases. The maximum power density
was 0.180 W ·m−2 at the electric current of 0.083 A for Case No.1 (Figure 3a), and 0.176 W·m−2 at the
electric current of 0.072 A for Case No.3 (Figure 3b). The current when RED reached the maximum
outputting power density is lower for Case No.3 in comparison to Case No.1. This may be attributed
to the difference in physicochemical properties for species HCO3

− and Cl−, and then reflected as the
thermodynamic difference when mixing in the RED stack.

Figure 3. The changes in voltage output (black line) and power density (blue line) in the function of the
electric current. (a) HCC: 0.5 mol·L−1 NaCl; LCC: 0.01 mol·L−1 NaCl. (b) HCC: 0.49 mol·L−1 NaCl +
0.01 mol·L−1 NaHCO3; LCC: 0.01 mol·L−1 NaHCO3. The flow rate ratio for HCC and LCC was kept at
180 mL·min−1.

2.3. The Discharging Property of RED

By investigating the changes in internal resistance (Rstack), open-circuit voltage (EOCV), and power
density (Pgross), the RED was investigated. This section presents the effects of flow rate and LCC
electrolyte composition on the SGP recovery. The flow rates were changed from 45 to 225 mL·min−1,
with respect to the changes in boundary layer resistance (RBL).

To investigate the effect of ion composition in HCC on SGP recovery, 0.5 M NaCl (Case No. 1)
in HCC was changed to 0.49 M NaCl + 0.01 M NaHCO3 (Case No. 2). Figure 4a shows the effects
of flow rate on OCV for Case No.1 and Case No. 2. It was found that the OCV increased from 2.26
to 3.14 V for Case No. 1 when the flow rate was increased from 45 to 225 mL·min−1. A similar trend
was also found for Case No. 2 (increase from 2.35 to 3.14 V when increasing flow rate from 45 to
225 mL·min−1). This phenomenon could be appropriately explained according to the Nernst equation
in the multi-component system (Equation 4). The species type and their corresponding activity in
the solution, as well as the interaction with the functional group in the membrane matrix co-induced
the transmembrane voltage changes for the different electrolyte. Otherwise, the increment on flow
rate decreased the boundary layer thickness, and thus mitigated the concentration polarization in
the boundary layer, which effectively improves the practical concentration difference on the two
sides of the ion exchange membrane. The increment of transmembrane voltage drop by increasing
the solution flowing rate could then be explained accordingly. For the power density, it increased
from 0.108 to 0.162 W·m−2 and 0.125 to 0.176 W·m−2 for Case No. 1 and Case No. 2, respectively, by
increasing the flow rate from 45 to 225 mL·min−1. The increment is significant just by doubling the
flow rate to 90 mL·min−1, in comparison to the operation at the rate of 135, 180, and 225 mL·min−1.
The powder density difference when using 0.5 M NaCl|0.01 M NaHCO3 and 0.49 M NaCl + 0.01 M
NaHCO3|0.01 M NaHCO3 as the supporting electrolyte in HCC|LCC was mainly attributed to the
transition difference in the membrane phase and the concentration distribution in the boundary layer,
which was discussed above.
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Figure 4. The role of NaCl, NaHCO3 as the electrolyte in the LCC and their influence on
reverse electrodialysis (RED) transmembrane voltage and power density. (a) Open-circuit voltage,
(b) power density.

The concentration difference on the two sides of the membrane is one critical aspect which
determines the performance of the RED stack. Therefore, we investigated the process by changing the
electrolyte concentration in both the LCC and HCC, and the results are given in Figure 5. Figure 5
demonstrates the changes in EOCV and the power density of the RED stack under different flow rates.
The legends in the figure for five cases are illustrated in Table 2. It is interesting to find OCV increase
with the flowing rate for every set of experiments. For example, when using 0.02 M NaHCO3 as the
electrolyte in the LCC, OCV gradually increases from 2.16 to 2.78 V when increasing the flow rate from
45 to 225 mL·min−1. The finding here further confirms the critical role of the concentration polarization
effect on the RED, which is not only a general case in natural systems (seawater|river water), but also in
complex artificial complex systems. By maintaining all operations under the same flowing rate, it was
found that the OCV decreases with the increment of NaHCO3 concentration in the LCC. For example,
it decreases from 2.44 to 2.16 V by increasing the NaHCO3 concentration from 0.005 M NaHCO3 to
0.02 M NaHCO3 (flow rate of 45 mL·min−1).

Figure 5. Influence of the concentration ratio of HCC and LCC on RED performance under different
flow rates. (a) Open-circuit voltage, (b) power density. Note. The HCC salt solutions for Case No.1–5
were 0.5 M NaCl, 0.495 M NaCl + 0.005 M NaHCO3, 0.49 M NaCl + 0.01 M NaHCO3, 0.48 M NaCl +
0.02 M NaHCO3, 0.99 M NaCl + 0.01 M NaHCO3 solution, respectively.

Table 2. The ion composition in the HCC and LCC in the experiments.

Salt Type HCC LCC

Case No.1 0.5 M NaCl 0.01 M NaCl

Case No.2 0.495 M NaCl + 0.005 M NaHCO3 0.005 M NaHCO3

Case No.3 0.49 M NaCl + 0.01 M NaHCO3 0.01 M NaHCO3

Case No.4 0.48 M NaCl +0.02 M NaHCO3 0.02 M NaHCO3

Case No.5 0.99 M NaCl + 0.01 M NaHCO3 0.01 M NaHCO3
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The power density increases with the flowing rate for every case of the experiments. For example,
when using 0.02 M NaHCO3 as the supporting electrolyte in the LCC, the power density gradually
increases from 0.107 to 0.160 W·m−2 by increasing the flow rate from 45 to 135 mL·min−1. Additionally,
the power density was relatively stable when the flow rate reached 135 mL·min−1. By maintaining all
the operations under the same flowing rate, it was found that using 0.49 M NaCl + 0.01 M NaHCO3|0.01
M NaHCO3 as the supporting electrolyte in HCC|LCC (Case No.3) obtained a relatively high and
stable power density. The highest power density (0.202 W·m−2) was obtained for the system of 0.99 M
NaCl + 0.01 M NaHCO3|0.01 M NaHCO3 (Case No.5). The powder density was mainly determined by
two factors, i.e., the OCV and stack resistance. The difference of power density among the five cases
was mainly attributed to the ion transition difference in the membrane phase and the concentration
distribution in the boundary layer, which was discussed above. When the concentration of NaHCO3

was below 0.01 M in LCC, the main influence of power density was the membrane stack internal
resistance. In contrast, when the concentration of NaHCO3 was over 0.01 M in LCC, the main influence
of power density was OCV. Therefore, the RED stack with the feed system of 0.49 M NaCl +0.01 M
NaHCO3|0.01 M NaHCO3 was chosen for further experiments, with high energy utilized efficiency as
well as a higher open-circuit voltage.

The RED performance was further investigated by changing the electrolyte in the LCC to Na2CO3

and NH4Cl, and HCC to the composites of NaCl +Na2CO3 and NaCl +NH4Cl, respectively. Figure 6a
gives the changes in open-circuit voltages on the total RED stack by changing the flow rate. It was
found that OCV on RED by using Na2CO3 as the LCC electrolyte was slightly lower than that using
NaHCO3 under operating conditions, except for the same flow rate at 45 mL/min. The OCV was
further decreased by replacing the electrolyte in LCC to NH4Cl. The highest OCV was 3.14, 3.09, and
2.93 V for the NaHCO3, Na2CO3, and NH4Cl electrolyte, respectively. The same trend was also found
in the power density when changing the flow rates. The power density increases with an increase in
the flow rate for all the three electrolytes (the electrolyte composition in LCC). The power density of
three investigated electrolytes follows the order: NaHCO3 >Na2CO3 >NH4Cl (see Figure 6b). The
highest power densities were 0.175, 0.175, and 0.143 W/m2 for the NaHCO3, Na2CO3, and NH4Cl
systems at the 225 mL/min flowing rate, respectively.

Figure 6. The changes in OCV and power density under different flow rates. (a) Open-circuit voltage,
(b) power density. The legends represent electrolyte kind.

3. Materials and Methods

3.1. Materials

The cation exchange membranes and anion exchange membranes used in the experiments were
CJ-MC-3 and CJ-MA-2, respectively (Hefei ChemJoy Polymers Co., Ltd., Hefei, China). The main
properties of the ion exchange membranes are listed in Table 3. Before the experiments, the cation and
anion exchange membranes were immersed in a 0.5 mol·L−1 NaCl solution for 24 h to change them into
corresponding Na+ and Cl− form. The reagents used in the study, including NaCl, NH4Cl, NaHCO3,
Na2CO3, K3[Fe(CN)6], and K4[Fe(CN)6], were all analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. Deionized water was used throughout the experiments.
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Table 3. The main characteristics of the membranes used in the experiments.

Properties CJ-MC-3 CJ-MA-2

Thickness/mm 0.220 0.185

Ion exchange capacity/mmol/g 1.50 1.25

Water Uptake/% 35 32

Resistance/Ω·cm2 3.0 1.5

Transfer number/% 98 99

Break stress/MPa >3.5 >3.5

3.2. Transmembrane Voltage Test

The transmembrane voltage test was at room temperature using a self-designed experimental
setup [21]. The set-up was composed of one membrane and two compartments: HC and LC
compartments. The two compartments were separated by the test membrane using a quadrate clip.
The two work electrodes were brought close to testing membrane surfaces to record the potential
drop across the testing membranes which was recorded by a digital multimeter (VICTOR, VC890C+,
VICTOR® YITENSENTM). The effective area of the membranes was 3.8 cm2.

3.3. RED Experimental Setup

The experimental setup of RED was designed and installed in our lab. A schematic diagram of
the RED principle is illustrated in Figure 7. The RED setup mainly contains (1) a cathode plate and an
anode plate, which was made of titanium coated with ruthenium and iridium with the same effective
area and acted as the electron conductor; (2) several cell pairs of cation and anion exchange membranes
which were alternately arranged. Twenty repeated cell pairs were used with a total effective area of 20
× 2 × 189 cm2 (9 × 21 cm); (3) silica gel spacers with the thickness of 0.75 mm were adopted to separate
the anion and cation exchange membrane. In the RED process, three flow streams, i.e., electrode
compartment, high salt concentration compartment (HC), and low salt concentration compartment
(LC) were established. Electrode rinse solution was circulated with supporting electrolyte using the
peristaltic pump (BT600L, Baoding Lead fluid Technology Co., Ltd., Baoding, China) at a flow rate of
90 mL·min−1. The same flow rate was maintained in HC and LC with two peristaltic pumps (BT600L,
Lead fluid, China). The flow stream was under “feed-and-bleed” mode and circulated through the HC
and LC with various velocities (45–225 mL·min−1).

Figure 7. A schematic diagram of the principle of reverse electrodialysis, RED.
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3.4. RED Performance Tests

A programmable DC electronic load (FT6300A, Shenzhen Faith Technology Co., Ltd., Shenzhen,
China) was connected between the anode and cathode to measure the internal resistance, open-circuit
voltage (OCV), and the electric current of the RED membrane stack. The stepwise current was set with
a scanning rate of 10 mA/s, from 0 A to the maximum current (when the voltage of the membrane stack
became reversed). The response curves of voltage vs. electric current and power density vs. electric
current were recorded by a computer for each set condition. The electrochemical performance of the
RED membrane stack was obtained by evaluating the open-circuit voltage, maximum power density,
and maximum current. The open-circuit voltage was determined from the vertical axis intercept of the
polarization curves, and the maximum current was obtained from the horizontal axis intercept in the
polarization curves.

3.5. Determination of the RED System

The line flow velocity (V) can be defined as the mean fluid velocity inside a single spacer-filled
channel. It can be estimated by Equation (1) [10,22].

V =
Q

N · δ · b · εsp
, (1)

where Q is the volumetric flow rate (mL·min−1) in HC or LC inlet, δ is the spacer thickness (0.075 cm), b
is the compartment width (9 cm for the small stack), and εsp is the spacer porosity (75% for the woven
spacer used in this study). For simplicity, the flow rate in the experiment is expressed as the volumetric
flow rate.

The power of the RED stack was calculated using Equation (2)

P = UI (2)

where P is the power of the membrane stack (W), U is the voltage of the membrane stack (V), I is the
scanned current (A).

To test the performance of RED, LC and HC were fed with solutions of 0.01 and 0.5 mol·L−1 NaCl,
respectively. Electrode rinse solution consisted of 0.05 M K3 [Fe(CN)6], 0.05 M K4[Fe(CN)6]·3H2O and
0.25M NaCl, and was circulated in the electrode compartment at the flow rate of 90 mL·min−1.

To investigate the influence of ion composition on the RED performance, the HC was also fed
with 0.5 mol·L−1 NaCl and 0.49 mol·L−1 NaCl + 0.01 mol·L−1 NaHCO3, while the LC was 0.01 mol·L−1

NaHCO3. Otherwise, the LC solution concentration was changed (0.005 to 0.02 M NaHCO3), while
fixing the HC solution as 0.495 mol·L−1 NaCl + 0.0051 mol·L−1 NaHCO3 and 0.48 mol·L−1 NaCl
+ 0.02 M NaHCO3, to test the influence of LC solution. The HC was also fed with 0.99 mol·L−1

NaCl + 0.01 mol·L−1 NaHCO3, while the LC was 0.01 mol·L−1 NaHCO3, to test the influence of HC
solution concentration.

4. Theory

The theoretical Nernst potential over one cell ion exchange membrane for sodium chloride single
medium system was calculated using the Nernst equation in Equation (3) [23,24].

Ecell = αCEM
RT
F

ln(
γNa+

c ·CNa+
c

γNa+
d ·CNa+

d

) + αAEM
RT
F

ln(
γCl−

c ·CCl−
c

γCl−
d ·CCl−

d

). (3)

For sodium chloride and sodium bicarbonate double medium system, considering the two kinds
anions of Cl− and HCO3

− migration through anion exchange membrane, as well as referring to the
multi-valent ions’ climbing description in a RED process, the multi-ionic expression of the Nernst
equation was revised as below.
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Ecell = αCEM
RT
F

ln(
γNa+

c ·CNa+
c

γNa+
d ·CNa+

d

) + αAEM
RT
F

[ln(
γCl−

c ·CCl−
c

γCl−
d ·CCl−

d

) + ln(
γHCO3

−
c ·CHCO3

−
c

γHCO3−
d ·CHCO3−

d

)]. (4)

Then, the theoretical open circuit potential of the whole membrane stack was simplified into
Equation (5).

EOCV = N
(αCEM + αAEM)RT

zF
ln(

ac

ad
). (5)

The power produced is determined by the electrochemical potential drop across the membrane
stack (EOCV), the stack resistance, and external load resistance (Rload) resulting in Equation (6) [12,25].

P = I2Rload =
EOCV

2

(Rstack + Rload)
2 Rload. (6)

The maximum power output of the RED system is obtained when Rload equals the resistance of
the stack (Rstack). Thus, the maximum power output can be simplified into Equation (7).

Pmax =
EOCV

2

4Rstack
. (7)

Consequently, the gross power density (power output per unit membrane area, Pgross) was
calculated from Pmax, which is shown in Equation (8) [10].

Pgross =
Pmax

2AN
=

EOCV
2

8ANRstack
, (8)

where Pgross is the maximum gross power density (W·m−2), Pmax is maximum power output (W), A is
effective area of a single ion exchange membrane (m2).

The total electric resistance of the RED stack includes the parts of electrodes, electrolytes,
membranes, and diffusion boundary layers on the membrane-solution interface. Simplified models
neglect the resistance of diffusion boundary layers and combine its contribution with membrane
resistance and express the overall resistance (Ω) as Equation (9) [10].

Rstack =
N
A
(Ra + Rc +

dc

κc
+

dd
κd

) + Rel, (9)

where A is a single effective membrane area (cm2); Ra is the area resistance (Ω·cm2) of anion
exchange membrane; Rc is the area resistance (Ω·cm2) of cation exchange membrane; Rel is the
resistance (Ω) of electrodes; dc is the thickness (cm) of HC; dd is the thickness of LC; κc is the specific
conductivity (mS·cm−1) of the concentrated solution; and κd is the specific conductivity (mS·cm−1) of
the diluted solution.

The electrode resistance was negligible when the repeated membrane pairs were more substantial
than 20 pcs. Then the entire RED stack resistance was expressed as Equation (10) [26,27].

Rstack =
N
A
(Rohmic + RΔC + RBL), (10)

where Rohmic is the membrane resistance ascribed to the ionic transport through the membranes, which
is equal to the one cell resistance discussed above. R�C is the resistance ascribed to the reduced
electromotive forces as a consequence of the change in the concentration of the bulk solution. It considers
the change of the solution concentration from the inlet to the outlet of the solution compartment with
the spatial difference of membrane potential (y-axis). RBL is the boundary layer resistance due to
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concentration polarization which is induced by diffusive boundary layer near the membranes at lower
flow rates (x-axis). Both R�C and RBL are kinds of non-ohmic resistance.

The net power density (Pnet, in W·cm−2) that generates in a RED stack is the difference between
the gross power density and the power consumed on solution pumping (pressure drop over the inlet
and outlet channel). Thus, the net power density can be expressed as Equation (11) [10].

Pnet = Pgross − Ppump =
EOCV

2

8ANRstack
− ΔpcQc + ΔpdQd

NA
, (11)

where Δpc and Δpd are the pressure drops along HC and LC, respectively. Qc and Qd are the volumetric
flow rates of HC and LC, respectively.

5. Conclusions

This work investigated the influence of ion composition on the trans-membrane potential across
the ion exchange membrane (IEM), for a better understanding of “reverse electrodialysis heat engine”
when running in the complex ion composition. The artificially prepared solutions NaHCO3, Na2CO3,
and NH4Cl circulate inside the RED stack, as the alternative of the conventional NaCl systems.
The evaluative criteria of the RED performance, i.e., open-circuit voltage, gross power density, and
short-circuit current were introduced for the evaluation of the process. It was found that the new
system (0.49 M NaCl + 0.01 M NaHCO3|0.01 M NaHCO3) output a relatively stable power density
(0.174 W·m−2), with the open-circuit voltage 2.95 V under the low flow rate of 0.22 cm/s. Meanwhile,
the simulated natural system (0.5 M NaCl|0.01 M NaCl) output the power density 0.168 W·m−2, with
the open-circuit voltage 2.86 V under the low flow rate of 0.22 cm/s. The work will advance the
understanding of reverse electrodialysis heat engine process, as well as the performance of RED when
running in complex systems (wastewater).
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Abbreviations

A the effective area of a single membrane (m2)
ac the activity of the concentrated salt solution (mol·L−1)
ad the activity of the diluted salt solution (mol·L−1)
AEM anion exchange membrane
b compartment width (cm)
Cc the concentration of HC (mol·L−1)
Cd the concentration of LC (mol·L−1)
CEM cation exchange membrane
dc the thickness of HCC (cm)
dd the thickness of LCC (cm)
F Faraday constant (96485 C·mol−1)
HCC high salt concentration compartment
I current (A)
LCC low salt concentration compartment
N number of cell pairs for RED
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OCV open circuit voltage (V)
P output power (W)
Pgross maximum gross power density (W·m−2)
Pmax maximum output power (W)
Pnet net power density (W·m−2)
Ppump power density consumed on pumping (W·m−2)
Q volumetric flow rate (mL·min−1)
Qc the volumetric flow rate of HC (L·s−1)
Qd volumetric flow rate of LC (L s−1)
R gas constant (8.314 J·mol−1·K−1)
Ra the area resistance of anion exchange membrane (Ω·m2)
RBL boundary layer resistance (Ω)
Rc the area resistance of cation exchange membrane (Ω·m2)
Rel the resistance of electrodes (Ω)
Rload load resistance (Ω)
Rohmic ohmic resistance (Ω)
Rstack stack resistance (Ω)
R�C concentration difference resistance (Ω)
RED reverse electrodialysis
SGP salinity gradient power
T absolute temperature (K)
U voltage output
V line flow velocity (cm·min−1)
z electrochemical valence
αAEM permselectivity of the anion exchange membrane
αCEM permselectivity of the cation exchange membrane
δ spacer thickness (cm)
εsp spacer porosity
κc the specific conductivity of the concentrated solution (mS·cm−1)
κd the specific conductivity of the diluted solution (mS·cm−1)
Δpc the pressure drops along HC (KPa)
Δpd the pressure drops along LC (KPa)
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Abstract: Electrodialysis (ED) with ion-exchange membranes is a promising method for the extraction
of phosphates from municipal and other wastewater in order to obtain cheap mineral fertilizers.
Phosphorus is transported through an anion-exchange membrane (AEM) by anions of phosphoric
acid. However, which phosphoric acid anions carry the phosphorus in the membrane and the
boundary solution, that is, the mechanism of phosphorus transport, is not yet clear. Some authors
report an unexpectedly low current efficiency of this process and high energy consumption. In this
paper, we report the partial currents of H2PO4

−, HPO4
2−, and PO4

3− through Neosepta AMX and
Fujifilm AEM Type X membranes, as well as the partial currents of H2PO4

− and H+ ions through a
depleted diffusion layer of a 0.02 M NaH2PO4 feed solution measured as functions of the applied
potential difference across the membrane under study. It was shown that the fraction of the current
transported by anions through AEMs depend on the total current density/potential difference. This
was due to the fact that the pH of the internal solution in the membrane increases with the growing
current due to the increasing concentration polarization (a lower electrolyte concentration at the
membrane surface leads to higher pH shift in the membrane). The HPO4

2− ions contributed to the
charge transfer even when a low current passed through the membrane; with an increasing current,
the contribution of the HPO4

2− ions grew, and when the current was about 2.5 ilimLev (ilimLev was the
theoretical limiting current density), the PO4

3− ions started to carry the charge through the membrane.
However, in the feed solution, the pH was 4.6 and only H2PO4

− ions were present. When H2PO4
−

ions entered the membrane, a part of them transformed into doubly and triply charged anions; the
H+ ions were released in this transformation and returned to the depleted diffusion layer. Thus, the
phosphorus total flux, jP (equal to the sum of the fluxes of all phosphorus-bearing species) was limited
by the H2PO4

− transport from the bulk of feed solution to the membrane surface. The value of jP was
close to ilimLev/F (F is the Faraday constant). A slight excess of jP over ilimLev/F was observed, which is
due to the electroconvection and exaltation effects. The visualization showed that electroconvection
in the studied systems was essentially weaker than in systems with strong electrolytes, such as NaCl.

Keywords: ion-exchange membrane; Fujifilm; Neosepta; phosphate transport; limiting current
density; voltammetry

1. Introduction

Ampholytes are substances which have chemical structures and electrical charges that depend on
the pH of the medium due to their participation in protonation–deprotonation reactions. Ampholytes
comprise a large number of substances, including nutrients or valuable components of food. Among
them there are peptides, amino acids, anthocyanins, orthophosphoric, tartaric, citric acid anions, etc.
Electrophoresis and electrodialysis with ion-exchange membranes (IEMs) are used increasingly to
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extract these substances from wastewater [1–4], products of biomass processing [5], as well as liquid
wastes in the food industry [6–11].

The attractiveness of these methods is conditioned by the possibility of using not only the
difference in particle mobility, but also the ability to change the sign and magnitude of their electric
charge when adjusting the pH. The peculiarity of electrodialysis processes is that the composition
of the ampholyte-containing solution changes in space and time not only quantitatively, as in the
case of strong electrolytes, but also qualitatively. Indeed, the electrodialysis of strong electrolytes (for
example, NaCl) is accompanied only by an increase or decrease in their concentration [12]. In the
case of ampholytes, the transformation of one form into another takes place not only in the solution,
which is located in the intermembrane space [13,14], but also inside an IEM [15,16]. In over-limiting
current regimes, generation of H+ and OH− ions in protonation–deprotonation reactions with the
participation of fixed groups at the membrane/depleted solution boundary [17,18] can significantly
affect this transformation. These reactions can cause the so-called barrier effect [19,20]. It lies in the
fact that a change in the pH of an ampholyte-containing solution at the membrane surface facing the
desalination compartment entails the transformation of ampholyte species. Depending on the value
of pH change, the ampholyte ions, which migrate from the solution bulk towards the membrane as
counterions, can turn into molecular (zwitterionic for amino acid) form or into a co-ion whose charge
sign is opposite to the charge sign of the ampholyte particles in the bulk solution. The molecular
(zwitterionic) form cannot be transported through the IEM at the same rate as the counterions; the
coions are ejected by the electric field from the near-membrane region into the bulk solution. If the
generation of H+ and OH− ions occurs at both membranes forming the desalination channel, the
ampholyte cations, which are formed at the anion-exchange membrane (AEM) are delivered by the
electric field to the cation-exchange membrane (CEM), where they are transformed into anions and
return back to the AEM, where they change the charge sign again. This phenomenon is called the
circulation effect [21]. Both effects are used for the purification of amino acids or carboxylic acids from
mineral impurities [22], as well as for the separation of inorganic ampholytes, such as sulfates and
phosphates [23].

The transformation of an ampholyte from one form to another is also possible when it enters or
leaves the membrane. This is due to the fact that the internal solution of AEM is more alkaline than the
external solution; the pH of the internal solution is one or two units higher than in that of the external
solution [16,24–26]. The reason is that the H+ ions are pushed out from an AEM as coions. Similarly,
due to the Donnan exclusion of OH− ions from a CEM, the internal solution of this membrane has a pH
value 1–2 units lower than in the external solution. As a result of this pH shift, the effects of facilitated
diffusion [27,28] and facilitated electromigration [21,29] occur inside IEMs. The essence of these effects
lies in the fact that getting into the acidic (or alkaline) medium inside the IEM, an amino acid zwitterion
acquires a charge opposite to the charge of the membrane’s fixed sites. After such a transformation,
it easily passes through the IEM as a counterion. In our recent work [30], a similar mechanism was
described, which explains a relatively high transport of ammonium ions (coions) through an AEM. In
this case, the positively charged ammonium ion enters the alkaline AEM medium and transforms into
a molecular form, which is not affected by the Donnan exclusion.

Thus, the transport of ampholytes in systems with ion-exchange membranes is coupled with
chemical reactions of protonation–deprotonation. The influence of these reactions on the behavior
of membrane systems in conditions of applied electric current has been described in theoretical
works [31,32]. The dependence of concentration profiles of ampholyte species as well as their transport
numbers in the membrane and adjacent diffusion layers on the applied current density was calculated.
However, experimental verification of the model predications was not carried out.

As for the transport of phosphoric acid anions through AEM, this subject is of considerable interest
not only for theory but also for practice. Isolation, purification, and concentration of these anions
from municipal wastewater [33–35], animal waste [2,36], and sludge generated after its biological
treatment [37,38] not only reduces the anthropogenic impact on the environment, but also allows for
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obtaining cheap fertilizers with simultaneous production of electricity [38]. It is important that the
current efficiency in the recovery of phosphorus from solutions containing H2PO4

− ions is significantly
lower as compared to similar processes in the case of nitrates, chlorides, and other ions that do not
undergo protonation–deprotonation reactions [2,34,39–41]. With an increasing potential drop, the
phosphorus recovery efficiency from the desalination compartment first grows rapidly, but then
remains unchanged over a wide range of voltages [23]; the recovery efficiency largely depends on the
pH of the treated solution [39]. Some researchers explain the low efficiency of phosphorus recovery by
steric hindrances that arise when transporting large, highly hydrated phosphoric acid anions [2,34].

Paltrinieri et al. [42], using the material balance equations, came to the conclusion that electric
current can be transported through AEMs by doubly charged HPO4

2− anions, while the feed solution
contains only an NaH2PO4 solution, where only the singly charged H2PO4

− anions are present. Note
that, as a rule, when choosing a current mode, researchers are guided by the limiting current, ilim,
which is found from the intersection of the tangents to the initial part and the inclined plateau of
current–voltage characteristic (CVC) curves [34,40]. Another way to find ilim is through the use of the
Cowan–Brown method [43] for CVC processing [44].

In this work, we report the experimental CVC and partial current densities of all orthophosphoric
acid anions, namely, the H2PO4

−, HPO4
2−, and PO4

3− ions, through Neosepta AMX and Fujifilm
AEM Type X membranes in the case of a 0.02 M NaH2PO4 feed solution. As well, we found the
fluxes of phosphorus-bearing species through the membranes under study and the partial currents of
H2PO4

− and H+ ions in the depleted diffusion layer adjacent to the membrane. We compared all these
characteristics with the results of a simulation made using the model developed earlier [31,32]. We
showed that the phosphorus-bearing species through an AEM in the ED process was less than one would
expect if judging by the conventional treatment of CVC. Accordingly, we focused on the determination
of limiting current density using the tangent intersection method and the Cowan–Brown method.

2. Results and Discussion

2.1. Total and Partial Current–Voltage Characteristics

Figures 1 and 2 show the experimental and calculated total and partial current-voltage
characteristics (CVCs) of an AMX membrane in NaCl (Figure 1) and NaH2PO4 (Figure 2) solutions. The
calculations are made using a mathematical model developed earlier [31,32] and briefly described below.

In the case of NaCl (Figure 1), the shapes of the total and partial CVCs were close to those described
in the literature [45,46] for strong electrolytes, which do not participate in the proton-exchange reactions.
The experimental limiting current, which is determined by the tangent intersection method (Figure 1),
was close to iLev

lim. Note that the shape of the CVCs in the range from 1.5 to 2.5 mA·cm−2 was
rather particular. There was a region where the value of Δϕ′ decreased when the current density
increased. The differential resistance of the membrane system within this current range was negative:
Rdif = d(Δϕ)/di < 0. This “anomaly” is known for the AMX and some other IEMs [47], it is due to the
early electroconvective vortex formation at electrically and geometrically heterogeneous surfaces. With
growing current density in the indicated range of currents, the increasing electroconvection (occurring
as electroosmosis of the first kind [48]) makes the depleted solution resistance lower. Approaching the
limiting current density was manifested by a fast increase in the differential resistance with increasing
i. Thus, to take into account the singularity Rdif < 0 when determining the limiting current density, we
drew the tangents to close to the linear segments of the CVCs, just before and after the occurrence of
the limiting state, as shown in Figure 1.

The partial current density of OH− ions became noticeable at a reduced potential drop
corresponding to the limiting current, then it slowly increased with increasing potential drop in
the range corresponding to the CVC plateau (section II) and it sharply increased when Δϕ′ exceeded
0.8 V, i.e., in the over-limiting regime (section III).
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Figure 1. Total and partial current–voltage characteristics of the AMX membrane in a 0.02 M NaCl
solution; itot is the total current density, iAEM

Cl− and iAEM
OH− are the current densities of the Cl− and OH−

ions through the membrane, respectively. The dashed lines show the tangents to the CVC used to
determine the experimental limiting current density.
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H2PO4
− ) and HPO4

2–

(iAEM
HPO4

2− ) ions in an AMX membrane (a) as well as the partial currents of H2PO4
– (isH2PO4

− ) and H+

(isH+ ) ions in the depleted solution at the membrane surface (b) as functions of the corrected potential
drop. Solid lines were calculated using the model [31,32]. Dashed lines show the limiting current iLev

lim
calculated using the Leveque equation, Equation (6), and the exaltation current, iex

H2PO4
− , calculated

using Equation (1). “I” and “II” show the first and second inclined plateaus, respectively.

The shape of iAEM
OH− versus Δϕ′ dependence shown in Figure 1 is fully consistent with

well-established ideas about the development of water splitting with the catalytic participation
of fixed-membrane groups: the generation of H+ and OH− ions at the membrane/solution interface
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begins when the concentration of NaCl in the boundary solution at the membrane surface reaches
values of about 5 × 10−5 M [49], and the H+ (OH−) ions in the depleted solution start to compete with
the Na+ and Cl− ions. This state occurs when the current density is close to the limiting current density
at a potential drop across the depleted diffusion layer of about 0.25 V [49]. The rate of water splitting
increases with an increase in the potential drop [50]. The partial current of Cl− ions, iAEM

Cl− , continues to
grow after reaching the value iLev

lim due to the effect of exaltation of the limiting current [51,52] and the
development of electroconvection [49,53].

In the case of the NaH2PO4 solution, the model developed in References [31,32] predicts the
presence of two inclined plateaus on the total CVC (Figure 2). In the region of the first plateau (about
0.05 V of the reduced potential drop), the partial current density of singly charged ions H2PO4

– in the
membrane reached a maximum value that was close to the limiting current calculated by the Leveque
equation. The limiting current calculated by the Leveque equation is the limiting value of the partial
current carried by H2PO4

− ions in solution, where this current is limited by diffusion through the
depleted diffusion layer. When Δϕ′ is close to 0.05 V, the concentration of H2PO4

– ions at the AEM
surface reach a value which is much lower than the concentration value in the bulk solution, hence, its
diffusion flux density attains a maximum [31,32].

Thus, the appearance of the first plateau was due to the saturation of the NaH2PO4 salt diffusion
from the solution to the membrane surface (Figure 2b).

The decrease in NaH2PO4 concentration in the solution at the AEM surface led to a stronger
Donnan exclusion of protons from the membrane. As a result, the pH of the AEM internal solution
increased and a higher part of the singly charged phosphate H2PO4

– ions transformed into doubly
charged HPO4

2– ions when crossing the membrane interface: H2PO4
−→HPO4

2– + H+ (insert in
Figure 2a). The protons released into the solution at the depleted membrane interface were involved
in the charge transfer in the depleted DBL forming partial current density isH+ (Figure 2b). When
the fluxes of PO4

3− and OH− ions in the membrane were negligible, isH+ = iAEM
HPO4

2− (Figure 2a). These

protons appearing in solution and the doubly charged HPO4
2– anions in the membrane caused the rise

of current density above the first limiting current density, i1lim. The second plateau (and limiting current,
i2lim) was observed when the membrane was completely converted into the HPO4

2− form. In this state,
the flux of protons, released when the H2PO4

− anions entered the membrane and transformed into
HPO4

2−, was saturated.
Experimental values of the partial current densities through the AMX and Fuji membranes were

calculated using the value of the HPO4
2– ion flux density, jsH2PO4

− , which was measured using the
method described in Section 3.2.1. Namely, jsH2PO4

− was found from the rate of the NaH2PO4 removal
from the diluate in the batch mode ED, Equation (14). Then, using Equations (15)–(20), it was possible
to calculate the partial current densities of the H2PO4

–, HPO4
2–, PO4

3– and OH− ions in a membrane, by
applying these equations in pairs in a proper range of pH. For example, when the pH of the membrane
internal solution was between 5 and 10, Equations (15) and (18) allow calculation of iAEM

H2PO4
− and iAEM

HPO4
2− .

If the calculated value of iAEM
H2PO4

− is less than zero, it insinuates that the pH in the membrane is higher

than 10, and the PO4
3− anions are involved in current transfer instead of H2PO4

−. Then, Equations
(19) and (20) must be used. As Figure 3 shows, the contribution of the PO4

3− ions into the charge
transfer in the membranes becomes significant only at relatively high current densities (exceeding
approximately 3ilimLev). Thus, we did not reach the conditions where the OH− ions pass across the
membrane because of the limitations of the measuring device.
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Figure 3. Experimental total current density (itot) and partial currents of H2PO4
– (iAEM

H2PO4
− ), HPO4

2–

(iAEM
HPO4

2− ), and PO4
3– (iAEM

PO4
3− ) ions in AMX (a) and AEM Fuji Type X (b) membranes, as well as partial

currents of H2PO4
– (isH2PO4

− ) and H+ (isH+ ) in depleted solution near AMX (c) and AEM Fuji Type X
(d) membranes as functions of the corrected potential drop. The curves connecting the markers are
the fitting lines. The data were obtained in a 0.02 M NaH2PO4 solution. The dashed lines show the
limiting current iLev

lim calculated using Equation (6).

When HPO4
2− and PO4

3− ions cross the membrane boundary with the enriched solution and
appear in aqueous solution, they capture H+ ions from water, which leads to an increase in pH of the
enriched solution. It can be also interpreted as the generation of OH− ions at the membrane/enriched
solution interface. Thus, in membrane systems with NaH2PO4 solution, the process of generation
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of H+ and OH− ions is separated in space: the H+ ions appear at the depleted solution/membrane
interface and the OH− ions at the membrane/enriched solution interface. The contribution of the OH−
transport in the charge transfer in the membrane becomes essential only at sufficiently high current
densities/potential drops, when the pH of the internal membrane solution is greater than 13 (see
Section 3.2.1.). Therefore, when pH < 13, the transport of OH− ions across the membrane is negligible.
In the experiments in this study, the situation where the transport of OH− ions was measurable was
not achieved because of the limitations of the measuring device.

2.1.1. Contributions of Electroconvection and Exaltation Effects.

The comparison of the results of the experiment (Figures 3 and 4a) and simulation using the
model [31,32] (Figures 2 and 4a) for the values of itot and ii as functions of Δϕ′ showed that they
were in relatively good agreement. The difference lies in the fact that for a given reduced potential
drop (up to Δϕ′ = 0.2 V, which is the maximum value for which the computations according to the
model are possible), the experimental values of itot and iAEM

H2PO4
− were slightly higher than that predicted

by the model. The experimental phosphorus flux density, jP = isH2PO4
−/F, through the membranes

under study (Figure 4), determined by Equation (13), also exceeded the values calculated using this
model [32].
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Figure 4. Experimental (markers) and calculated using the model [31,32] (solid line) total phosphorus
flux density through the AMX (circles) and AEM Type-X (triangles) membrane vs. the reduced potential
drop. Here jlimLev = ilimLev/F, where ilimLev is calculated using Equation (6); jlimC-B = ilimC-B/F, where
ilimC-B is found from the CVC curves by the Cowan–Brown method [43].

The increase in the flux density of H2PO4
− ions from the bulk solution to the AEM surface ( jsH2PO4

− )

over the value corresponding to the limiting current density ilimLev can be caused only by two effects:
(1) electroconvection, which reduces the effective thickness of the diffusion layer and (2) exaltation
of the H2PO4

− current. As shown in References [49,54], the contribution of gravitational convection
in such systems is negligible. Figure 2b shows the calculated partial current density of H2PO4

− ions,(
isH2PO4

−

)
electrodi f

, which would occur if the ion transport was only due to electro-diffusion, taking into
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account the effect of exaltation [51], while the electroconvection was not taken into account. The
calculation is carried out using the following equation [32]:

(
isH2PO4

−
)
electrodi f

= iLev
lim + iex = iLev

lim +
DH2PO−4

DH+
iH+ (1)

where iLev
lim is the limiting value of the H2PO4

− ion current density (calculated by Equation (6)) achieved
by electro-diffusion in the absence of exaltation, and the second term, iex, describes the increase in
the current density owing to the exaltation effect. This effect is due to the protons released from the
H2PO4

− ions when they enter the membrane. The H+ ions carry a positive charge, which creates
an additional electrostatic field attracting the H2PO4

− anions from the bulk solution to the depleted
membrane surface [51].

However, as can be seen from Figure 2b, the exaltation effect is too weak to provide the
experimentally observed H2PO4

− ions’ flux in the diffusion layer near the membrane surface (equal to
the total flux of phosphorus atoms through the membrane). Consequently, the main cause of growth
should be electroconvection, which, as it known from References [48,49,53,55], significantly increases
the mass transfer in dilute solutions of strong electrolytes. Our experiments show that in the systems
under study, in the case of NaCl solution, the first large vortex structures (about 50 μm in size) are
visualized at the outlet of the channel under study, when i/ilimLev = 2. With an increasing current, the
vortex structures gradually spread along the entire length of the channel, and the dimensions of the
vortices increase. At i/ilimLev = 6 (Figure 5a), the vortex structures occupy almost half of the 900 μm
intermembrane space.
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Figure 5. Current–voltage characteristics presented in the usual coordinates and the coordinates
proposed by Cowan and Brown [43] (the insertion) for an AMX (a) and AEM Type X (b) membranes.
ilim1 and ilim2 were the first and the second limiting currents determined by the tangent intersection
method. The dashed lines in the insertions show the positions of the 1/ilim1 and 1/ilim2 points on the
Cowan–Brown curves. The experiments were carried out in a 0.02 M NaH2PO4 solution.

The scenario of the electroconvective structures’ development in the NaH2PO4 solution was the
same as in the case of the NaCl solution. The difference was that the vortices of the same diameter
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emerged at essentially higher current densities, e.g., those with a diameter of 50 μm only formed when
i/ilimLev = 6 (Figure 6b).

 
(a) 

 
(b) 

Figure 6. Visualization of the vortex structures at the AMX membrane surface in the desalination
channel of the electrodialysis cell, where a 0.01 M NaCl solution (a) or a 0.01 M NaH2PO4 (b) was
pumped. The intermembrane distance was h = 0.9 mm, the channel length was L = 3 mm, the linear
flow velocity of the solution was V = 1 mm/s; i/ilimLev = 6.

The reason for the weaker electroconvection in the case of the NaH2PO4 solution, apparently,
was the high rate of H+ ion generation at the same value of the i/ilim ratio. Getting into the space
charge region at the depleted membrane surface, the H+ ions caused a decrease in its density [56].
In the case of strong electrolyte solutions, the generation of H+ (and OH−) ions occurred, as noted
above, after reaching a certain threshold concentration of salt ions near the membrane surface. After
overcoming this threshold (which requires a certain minimum potential drop), the H+ and OH− ions
were generated as a result of “water splitting” occurring as proton-exchange reactions with catalytic
participation of fixed groups at the membrane/solution interface [57–60]. In the case of the NaH2PO4

solution, the generation of H+ ions occurred in the non-threshold mode as a result of the dissociation
of a part of H2PO4

− ions when they enter the membrane bulk. This process takes place as soon as an
external electric field was applied to the membrane.

2.1.2. Rate of Phosphorus Removal from Feed Solution and Its Theoretical Assessment.

The rate of phosphorus removal from the feed solution is controlled by the flux density of the
H2PO4

− ions from the feed bulk solution to the anion-exchange membrane surface. Since the pH
of the feed solution was close to 4.5, there were no other phosphorus-bearing species except for the
H2PO4

− ions. As mentioned above, the electro-diffusion flux of the H2PO4
− ions was limited by the

first limiting current density, ilim1 (which was very close to the theoretical value ilimLev); exaltation and
electroconvection can enhance this transport.

It should be noted that the charge transfer by doubly and triply charged anions of orthophosphoric
acid through the membrane, as well as the transport of OH− ions, are parasitic processes if the purpose
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of electrodialysis is the removal of phosphorus from the feed solution. Therefore, the phosphorus flux
density, jP, which is transported through the AEM by all the phosphorus-bearing particles, Equation
(13), turns out to be significantly less than what one would expect if the formula j = ilim/F (where j is the
effective transport; ilim is the limiting current density through the membrane) is used by the analogy
with strong electrolytes. In the practice of electrodialysis, the value of ilim was found using CVC and
applying the tangent intersection method [12], or the Cowan–Brown method [43], as explained above.
In the last case, the integral resistance of the membrane system (equal to Δϕ/i) was presented as a
function of the inverse current density, 1/i (Figure 4).

As can be seen in Figure 5, the experimental determination of ilim1 was difficult if the CVC with the
total potential drop, Δϕ, was used, both when the tangent intersection method or the Cowan–Brown
method were applied. However, the second plateau and the second limiting current density, ilim2,
which corresponds to the state where the membrane is completely transformed into the form of doubly
charged HPO4

2− ions, were essentially better pronounced on the CVC. When the Cowan–Brown
coordinates (Figure 5a,b, insertions) were used, the region of the curve related to ilim1 was very close to
a straight line. The limiting current density iC−B

lim , usually found as the intersection point to two nearly
linear regions of the Δϕ/i versus 1/i curve, was then rather close to the second limiting current, ilim2,
since the singularity of the curve related to ilim1 in these coordinates was quasi invisible, especially if a
more rough scale (as usual) was used. Thus, when the CVC is recorded with insufficient accuracy,
confusion may occur: the second limiting current density can be taken as the current density, which
determines the rate of phosphorus removal.

The first limiting current is difficult to see, apparently, because the approach to saturation in the
H2PO4

− ion diffusion transport in solution is accompanied by a rapid increase in the contribution to
charge transfer of H+ ions, released when H2PO4

− enters the membrane. As shown by mathematical
modeling [32], the plateau of the first limiting current was the less noticeable the smaller the difference
in values of the dissociation constants related to the first (Ka1) and the second (Ka2) steps of the
ampholyte dissociation. In the case of phosphoric acid, the difference between pKa1 = 2.12 and
pKa2 = 7.21 was nevertheless rather large. This difference was essentially lower for a number of other
weak acids, such as tartaric acid (pKa1 = 2.98 and pKa2 = 4.34 [61,62]). Thus, one can expect that the
detection of the first limiting current would be even more difficult than in the case of phosphoric acid.

The practical question of how to detect the first limiting current density is quite important. Let us
note that the plateau related to ilim1 was easily detectable when using the i versus Δϕ′ coordinates
(Figure 3a,b). The use of the i versus Δϕ coordinates (Figure 5a,b) makes the detection of ilim1

essentially more uncertain; the second limiting current may be taken for the first one. Nevertheless,
if the maximum rate of phosphorus removal, jPmax, is evaluated by ilim2, the obtained value will
be approximately 1.5 times higher than the experimentally measured value of jPmax in this study.
Apparently, it is particularly the overestimation of the limiting current, which is responsible for the
unexpectedly high energy consumption and low current efficiency of the ED recovery of phosphorus
and other ampholyte species, reported by several authors [10,34,39,41].

3. Materials and Methods

3.1. Membrane and Solutions

The Neosepta AMX anion-exchange membrane was manufactured (Astom, Japan) using a
previously described method [63–65]. This membrane contained quaternary ammonium bases and a
small amount of secondary and tertiary amines [66]. It had an undulated surface: there were “hills”
and “valleys” located in staggered order. This order was caused by the geometry of PVC reinforcing
fabric [67]. The average difference between the highest and the lowest points on the surface of the
swollen membrane was about 30 μm [67]. The characteristic size of the geometric inhomogeneity
along the surface (280 μm) was close in magnitude to the thickness of the diffusion layer adjacent to
the membrane in the compartments of the electrodialysis cell used in the study. The AMX membrane
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thickness in a 0.02 M NaCl solution and the ion exchange capacity of swollen membrane were equal to
125 ± 5 μm and 1.23 ± 0.05 mmol·g−1 wet, respectively.

The basis of the homogeneous AEM Type X membrane (Fujifilm, The Netherlands) was a
three-dimensional structure (substrate) of inert polyolefin fibers [68], which were obtained by
electroforming [69] methods. The aerogel formed by the fibers was pressed to a predetermined thickness.
The space among the fibers was then filled with aliphatic polyacrylamide [70,71] and functionalized
with quaternary ammonium bases [72]. The AEM Type X thickness in a 0.02 M NaCl solution and
the ion exchange capacity of swollen membrane were equal to 120 ± 5 μm and 1.50 ± 0.05 mmol·g−1

wet, respectively.
All membrane samples underwent a standard salt pretreatment [73] and then were equilibrated

with a 0.02 M salt solution before experiments. The solutions of sodium chloride (NaCl) and
monosodium phosphate (NaH2PO4) were prepared from a crystalline salt (analytical grade) provided by
OJSC Vekton; the 0.10 M NaOH solution was prepared from a titrant (manufactured by Uralkhiminvest,
Russia). NaOH was used to maintain a constant pH value of the solution circulating through the
compartments of the measuring cell. Distilled water, with an electrical conductivity of 0.8 μS·cm−1,
pH = 6.0 ± 0.2, and temperature of 25 ◦C, was used to prepare the solutions. Table 1 shows several
characteristics of the electrolyte solutions used in the experiments.

Table 1. Several characteristics of the electrolyte solutions and membrane systems under study. The
data are related to the temperature, 25 ◦C.

Electrolyte, pH
Diffusion Coefficients at Infinite

Dilution, Di, 10−5 cm2s−1
Transport Numbers at

Infinite Dilution
Theoretical Limiting

Current Density in 0.02 M
Solution *, mA cm−2

Diffusion Layer
Thickness *,

μmCation Anion Electrolyte Cation Anion

NaCl pH = 5.70 ± 0.05 1.334
[61,74]

2.032 [61] 1.61 [75] 0.396 0.604 3.07 256
NaH2PO4 pH = 4.60 ± 0.05 0.959 [61] 1.11 [74] 0.581 0.419 1.62 225

* Calculated using the Leveque equation (Equation (6)) as described in the Material and Methods section.

Figure 7 shows the distribution of the phosphoric acid species (in mole fractions) as a function of
pH. It is calculated using the equations for the equilibrium of protonation–deprotonation reactions on
the first, second, and third steps:

H3PO4 + H2O⇔ H2PO−4 + H3O+ (2)

H2PO−4 + H2O⇔ HPO2−
4 +H3O+ (3)

HPO2−
4 + H2O⇔ PO3−

4 + H3O+ (4)

Negative logarithms of the equilibrium constants of these reactions at 25 ◦C are equal to [61] 2.12
(pKa1), 7.21 (pKa2), and 12.34 (pKa3).

3.2. Methods

The measurements of the electrochemical characteristics of AEMs were carried out at a temperature
of 25 ± 1 ◦C using a flow-through four-compartment electrodialysis laboratory cell connected to an
Autolab PGSTAT-100 electrochemical complex. The setup and the cell are described in detail in
Reference [30,49]. A schematic design of the setup is shown in Figure 8. The intermembrane distance
in the desalination compartment (14), h, was equal to 6.6 mm; the linear flow velocity of the electrolyte
solution through each chamber, V, was 0.4 cm·s−1; the polarizable area of the membrane was 2 × 2 cm2;
the tips of Luggin’s capillaries (5) used to record the potential drop across the membrane under study
were located at a distance of approximately 0.8 mm from its surfaces. The plexiglass frames separating
the membranes in the electrodialysis cell (Figure 7) were equipped with special guides in the shape of
a comb, which provided laminar regime of the solution flow in the cell compartments.
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Figure 7. Distribution of the phosphoric acid species (in mole fractions) in a solution as a function
of pH.

Figure 8. Schematic design of the setup used for determining the mass transfer and electrochemical
characteristics of the cation-exchange membrane (CEM) and anion-exchange membrane (AEM) forming
the desalination compartment (14). The setup included: an intermediate feed tank (1); an additional
tank (2) for maintaining a constant pH; valves (3, 4); Luggin capillaries (5) connected with measuring
Ag/AgCl electrodes (6); platinum polarizing electrodes (7); an electrochemical complex (an Autolab
PGSTAT-100) (8); a flow cell (9) with an immersed combined electrode for pH measurement; a pH
meter (10) connected to a computer; a combined electrode for pH measurement (11) connected to a pH
meter; a conductivity cell (12) connected to a conductometer; a device (13) for maintaining a constant
pH in the solution circulating through tank (2); AEM* is the anion-exchange membranes under study;
CEM and AEM are the auxiliary membranes. The dotted lines schematically show the counterion
concentration profiles in the cell compartments.
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The current–voltage characteristics (CVC) were measured in the galvanodynamic mode at a
current sweep rate of 0.02 μA·s−1. Measuring Ag/AgCl electrodes EVL-1M3.1 (Gomel, Belorussia) with
a working area of several tenths of cm2 immersed in saturated KCl solution were used. The volume of
the feed solution in tank (1) at the beginning of the experiment was 5 dm3. This solution was fed to all
of the compartments of the cell and then returned to the same tank. Due to the relatively large volume
of this solution and the fact that the diluate and concentrate were mixed before returning to tank (1),
the deviation of the species’ concentrations in the tank from their initial values during one run of the
experiment did not exceed 1%.

The total potential drop, Δϕ, measured using Luggin capillaries (5) depends, along with the
potential drop across the polarized diffusion layers, on the resistance of the membrane and solution.
The latter is a function of the distance between the membrane and capillaries (5) [76]. This distance
is difficult to find and reproduce when replacing one membrane with another one. To exclude this
difficulty, the corrected potential drop Δϕ′ [77] is used instead of Δϕ:

Δφ′ = Δφ− iRe f (5)

where the effective resistance of the membrane system Ref (Ohm cm2) includes the ohmic resistance of
the space (membrane + solution) among the measuring capillaries, as well as the diffusion resistance
of the interphase boundaries of depleted and enriched diffusion layers [49]. The value of Ref is found
from the initial part of the CVC by extrapolation i→0 in the coordinates i versus d(Δϕ) di.

The limiting current density, iLev
lim, was calculated using the Leveque equation obtained in the

framework of the convective–diffusion model [78]. A 1:1 electrolyte can be expressed as:

iLev
lim = 1.47

⎡⎢⎢⎢⎢⎣ FDC
h(Ti − ti)

(
h2V
LD

)1/3

− 0.2

⎤⎥⎥⎥⎥⎦ (6)

where L is the desalination channel length; C (mole·dm−3) is the electrolyte concentration of the feed
solution at the entrance to the desalination channel; D is the electrolyte diffusion coefficient at infinite
dilution (Table 1); ti is the transport number of salt counter-ion in solution at infinite dilution (Table 1);
Ti is the effective transport number of salt counter-ion in the membrane. The latter is defined as the
fraction of the electric current transferred by ions “i” without restrictions on the concentration or
pressure gradients; for the investigated membranes in the given solutions, the values of Ti for the salt
coions (Na+) are taken to be zero.

According to the definition above:

Ti =
zi jiF

i
=

ii
i

(7)

where zi and ji are the ion charge number and the flux density, F is the Faraday constant; ii = zi jiF is
the partial current density of ion i.

Since ji in general cases change with the coordinate normal to the membrane surface, Ti is a
function of this coordinate. In particular, if the solution pH is close to 4.5, the main phosphorus-bearing
species is H2PO4

−. In the membrane, pH is 1–3 units higher [16,24,26], therefore, together with H2PO4
−,

the presence of doubly charged HPO4
2−, and even triply charged PO4

3−, is possible.
The average of the cell length thickness of the diffusion layer, δ, is estimated by combining the

Leveque and the Peers equations [32]

δ = 0.68h
( LD

h2V

)1/3
(8)

The values of ilimLev and δ for each electrolyte are summarized in Table 1.
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3.2.1. Effective Transport Numbers, Ti

The values of the effective transport numbers, Ti, and partial currents of counter-ions are obtained
using the same cell as when measuring the total CVC. For measuring Ti, desalination compartment
(14) was fed with a solution from the additional tank (2). Before an experiment was run, the circuit
consisting of the desalination channel, tank (2), and connecting tubes were filled with a 0.035 M
solution of the electrolyte under study (NaCl or NaH2PO4). The other circuits of the cell were fed
with a 0.02 M solution of NaCl or NaH2PO4 from tank (1). The initial electrolyte concentration in
tank (2) was 0.035 M; it decreased during one experimental run to 0.01 M. In this concentration range,
the coion (Na+) transferred through the anion-exchange membrane can be neglected [79]. As well, in
this concentration range, the concentration of carbonic acid dissociation products formed due to the
continuous dissolution of atmospheric carbon dioxide in the working solution is negligible [80].

The initial volume of the solution in the desalination circuit (including tank (2), the desalination
compartment and connecting tubes) was 0.100 ± 0.002 dm3; the solution flows among the membranes
at a velocity of 0.40 ± 0.01 cm·s−1. The volume, concentration, and flow velocity of the solution were
selected in a way to ensure quasi-stationary conditions for desalination during an experimental run. In
separate experiments, it was found that to meet these conditions, the rate of electrical conductivity
decreased in the desalting circuit (in the solution circulating through tank (2)) should not exceed 1%
per minute [80].

The experiment was carried out at a constant corrected potential drop Δϕ′. At equal time intervals
(10 min), the electrical conductivity (κ), pH, and temperature of the solution in tank (2) (Figure 8) were
recorded using a combined electrode for pH measurement (11) connected to the pH meter Expert
001 and the submersible conductometric cell (12) connected to the conductometer Expert 002 (LLC
“Ekoniks expert”, Russia). In all cases presented in this paper, the solution leaving the desalination
compartment of the cell (compartment (14) in Figure 8) was acidified. To maintain a constant pH of
the desalination stream close to 5.7 ± 0.05 (NaCl) or to 4.6 ± 0.05 (NaH2PO4), a 0.1 M NaOH solution
was continuously added into tank (2) using a micro capillary (13). The electrolyte concentration in
tank (2) was periodically determined by measuring the solution conductivity in this tank and using an
equation, which connects the concentration of NaCl or NaH2PO4 solution with its conductivity.

The concentration of the solution in the desalination circuit changes with time due to the transfer
of electrolyte ions through the membranes forming the desalination compartment to the neighboring
compartments, as well as due to the addition of a titrant into this tank. The mass balance for a salt ion
1 (e.g., a cation) in the desalination circuit is described by Equation (9), under the assumption that the
difference in concentrations in the different elements of this circuit (tank (2), the cell and connecting
tubes) is negligible [30]:

V
dC
dt

= − i(TCEM
1 − TAEM

1 )S n

z1F
+ CT

dVT

dt
(9)

where i is the current density; TCEM
1 and TAEM

1 are the effective transport numbers of ion 1 in the
cation-exchange membrane and anion-exchange membrane, respectively, which form the desalination
compartment; C is the current salt concentration (NaCl or NaH2PO4) in tank (2); V is the volume of the
solution in the desalination circuit; n is the number of desalination compartments (n = 1); CT and VT

are the concentration and volume of the titrant, which is added to tank (2) to compensate for changes
in pH caused by the H+ (OH−) generation at the membrane/solution interfaces; S is the area of active
(polarizable) membrane surface. As it was mentioned above, the solution after passing the desalination
compartment (14) was acidified, hence, a NaOH solution was added to the desalination stream.

The first term on the right-hand side of Equation (9) describes the decrease in the salt concentration
in the tank (2) caused by the flow of electric current across the AEM and CEM; the second term
describes the addition of a titrant in tank (2).
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Consider the case of NaCl solution and a CEM under study. If the transfer of cations (Na+)
through the auxiliary AEM is neglected (TAEM

1 = 0), it follows from Equation (9) that:

jCEM
Na+ =

iCEM
Na+

F
=

iTCEM
Na+

F
≈ −V

S
dC
dt

+
CT

S
dVT

dt
(10)

In the case where an AEM is under study, Equation (9) should be written for the Cl− ions. Like as
above, we assumed that the auxiliary membrane (CEM) was not permeable for anions, i.e., TCEM

Cl− = 0.
Since the Cl− ions were not present in the titrant added to tank (2), Equation (9) reads:

jAEM
Cl− =

iAEM
Cl−
F

=
iTAEM

Cl−
F

≈ −V
S

dC
dt

(11)

When the transport numbers of the salt cation in the CEM (Na+) and the salt anion (Cl−) in the
AEM were determined, the transport numbers of the H+ ion in the CEM and OH− ion in the AEM
were found according to Equation (12):

TCEM
H+ = 1− TCEM

Na+ , TAEM
OH− = 1− TAEM

Cl− (12)

In the case of the NaH2PO4 solution desalination, the calculation of the partial currents of sodium
ions and protons in CEM was carried out according to Equations (10) and (12).

The determination of the partial currents of H2PO4
−, HPO4

2−, PO4
3−, and OH− ions through an

AEM was carried out using the material balance equations presented below. The following assumptions
were made for their deduction.

1. The total phosphorus flux through an AEM, jAEM
P , is equal to the sum of fluxes of all

phosphorus-bearing ions entering the AEM from the diluate compartment. Since only the H2PO4
−

ions were present at pH = 4.6 in this compartment, we have, jsH2PO4
− :

jsH2PO4
− = jAEM

P = jAEM
H2PO4

− + jAEM
HPO4

2− + jAEM
PO4

3− =
iAEM
H2PO4

−

zH2PO4
−F

+
iAEM
HPO4

2−

zHPO4
2−F

+
iAEM
PO4

3−

zPO4
3−F

(13)

where superscripts “s” and “AEM” relate to the solution at the diluate side of the membrane and the
AEM, respectively.

The jsH2PO4
− value can be determined experimentally by the rate of NaH2PO4 concentration

decrease in the desalination stream (where the pH was kept constant), in accordance with an equation
which is similar to Equation (11):

jsH2PO4
− = −V

S
dCNaH2PO4

dt
(14)

2. From the distribution of the phosphoric acid species as a function of pH (Figure 8), it follows
that only two sorts of phosphorous-containing species can be present in an AEM: either HPO4

2− and
HPO4

2− (when the pH of the internal solution is in the range from 5 to 10) or HPO4
2− and PO4

3− (pH
from 10 to 13). The concentrations of the remaining species in any of the three pH ranges presented
above are so small that they can be neglected. The third possible pair, PO4

3− and OH− can coexist at
pH > 13. At pH = 13, the molar fraction of PO4

3− in the membrane is close to 0.8 and that of HPO4
2−,

0.2, while the concentration of OH− ions is 0.1 M, which is about 5% of the exchange capacity, hence,
the total concentration of phosphate species. However, taking into account the high mobility of OH−
ions, it can be assumed that these ions will compete with the PO4

3− ions, whose content is dominant at
this pH value.

Since the H+ ions being coions are excluded from the anion-exchange membrane, the pH of the
membrane internal solution is 1 to 2 pH units higher than the pH of the external solution [16]. The
coion exclusion increases with the dilatation of the external solution contacting the membrane, as it
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follows from the well-known Donnan equation [81]. With an increasing current density, the solution
contacting the membrane surface at its diluate side becomes increasing diluted and the concentration
of the H+ ions in the near-surface membrane layer decreases, so that the pH of the internal solution in
this layer increases. Therefore, the composition of the membrane near-surface layer on the diluate side
varies with the current density: at relatively low current density (low concentration polarization), the
pH in the membrane internal solution is relatively low, and this layer contains mainly ions H2PO4

−
and HPO4

2−. With increasing current density, the concentration polarization increases, the external
boundary solution becomes more diluted, the pH in the membrane internal solution becomes higher,
and the membrane near-surface layer is enriched firstly with the PO4

3− ions, and then, with the
OH− ions.

In the pH range from 5 to 10 (relatively low current densities), where only H2PO4
− and HPO4

2−
are present in the membrane, the total current density, i, is carried exclusively by these ions:

iAEM
H2PO4

− + iAEM
HPO4

2− = i (15)

and, according to Equation (13):

jsH2PO4
− =

iAEM
H2PO4

−

F
+

iAEM
HPO4

2−

2F
(16)

where coefficient “2” in the denominator of the second term on the right-hand side stands for zHPO4
2− .

Then, the partial current densities of singly and doubly charged phosphorus-bearing anions can be
found from the two following equations:

iAEM
H2PO4

− = 2FjsH2PO4
− − i (17)

iAEM
HPO4

2− = 2
(
i− FjsH2PO−4

)
(18)

Thus, we can calculate the partial current densities of the H2PO4
− and HPO4

2− species, if we
measure the current density, i, and the rate of the diluate desalination; the latter allows for the
calculation of jsH2PO−4

, Equation (14).

In the range of pH from 10 to 13.5 (high current densities), where iAEM
HPO4

2− + iAEM
PO4

3− = i, in a similar
way, we find:

iAOM
HPO4

2− = 2
(
3 FjsH2PO4

− − i
)

(19)

iAOM
PO4

3− = 3
(
i− 2 FjsH2PO4

−
)

(20)

The coefficients 2 and 3 in Equations (17)–(20) stands for the charge numbers zHPO4
2− and

zPO4
3− , respectively.
At even higher current densities, where all doubly charged orthophosphoric acid anions transform

into triple-charged ones (THPO2−
4

= iHPO2−
4

/i = 0)and the pH of the internal solution exceeds 13.5, the

current is transported through the membrane by PO4
3− and OH− ions. The partial currents of these

ions are:
iAEM
PO4

3− = 3 FjsH2PO4
− (21)

iAEM
OH− = i− iAEM

PO4
3− (22)

In accordance with Equations (2)–(4) and (13), at the AEM/solution interface, the partial flux of
protons entering the depleted diffusion layer is:

jsH+ = jAEM
HPO2−

4
+ 2 jAEM

PO3− (23)
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Taking into account that ik = jkzkF, the partial current density of H+ ions in the depleted solution
near the membrane surface is:

isH+ =
iAEM
HPO4

2−

2
+

2iAEM
PO4

3−

3
(24)

3.2.2. Visualization of Electroconvective Vortices.

Visualization of vortex flows near an AMX membrane surface facing the desalination compartment
was carried out using a technique similar to that described in Reference [82].

Two poly(methyl methacrylate) frames clung close to the ion-exchange membrane and formed
a channel, with a 0.9 mm width and a 3 mm length. A 0.01 M NaCl or 0.01 M NaH2PO4 solution
entered the desalination compartment through the holes in the clamping plates, in which the electrode
chambers were located. The linear flow rate of the solution was 0.001 cm·s−1. The distance from
the investigated membranes to the measuring electrodes was 800 μm. To visualize vortexes, 10 μM
rhodamine 6G was added to the solution. Rhodamine 6G is able to fluoresce in a narrow range of
wavelengths and it is a large cation. The chlorine or hydrogen phosphate ions were the anions in the
system under study. A SOPTOP CX40M optical microscope (China) with a 5× objective and a digital
eyepiece camera were used to record these vortexes. The resolution of the digital optical system allows
for the recording of the appearance of vortices with a diameter of 20 microns or greater. Digital video
recording was carried out simultaneously while measuring the potential difference over the membrane,
and the current density through the membrane was set as a function of time. The limiting current
density was estimated from the current–voltage characteristic of the membrane using the tangent
intersection method.

4. Theory

The calculation of the CVC, as well as the transport numbers, partial fluxes, and partial currents
of ions in the membrane system was carried out using a stationary 1D model described in detail in
References [31,32]. A three-layer system under direct current conditions was considered. It consisted of
an anion-exchange membrane (AMX) and two adjacent diffusion boundary layers (DBLs). Migration
and diffusion transport of neutral and negatively charged ampholyte species, as well as the Na+,
H+, and OH− ions in all three layers, is described using the Nernst–Planck equation under the local
electroneutrality condition. The model assumes the independence of the current density and the sum
of the fluxes of all phosphorus-bearing species from the coordinate. As well, local chemical equilibria
were assumed among the ampholyte species involved in protonation–deprotonation reactions in the
AEM and DBLs. In addition, the condition of the ion-exchange equilibrium (expressed by the Donnan
equations) at the membrane/solution boundaries was applied. The ion diffusion coefficients in the
solution (Table 1) were taken at the infinite dilution [83], because at the near-limiting current densities,
the ion concentrations in the solution next to membrane surface were close to zero. The diffusion
coefficients in the membrane were determined from the AMX membrane conductivity [84].

5. Conclusions

The transport of the singly charged phosphoric acid anions, H2PO4
−, across an AEM was

accompanied by dissociation of a part of these anions when entering the membrane. The H+ ions
released in this dissociation returned to the depleted solution and participates in carrying electric
charge. The generation of H+ ions occurred without voltage threshold, which existed in the case
of strong electrolytes. Depending on the current density, the H2PO4

− anions could transform into
HPO4

2− ions (at relatively low current densities, approximately at i < 2.5 ilimLev) or PO4
3− ions (at

higher current densities). At relatively high current densities/voltages along with this transformation,
water splitting with catalytic participation of membrane functional groups can occur.

The dissociation of the H2PO4
− anion occurred because the pH of the membrane internal solution

was higher than the pH of the external solution. The shift in pH was due to the Donnan exclusion of
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the H+ ions, which were coions for the AEM. The degree of the H+ exclusion (hence, the pH of the
internal solution) depends on the electrolyte concentration in the boundary solution: the more dilute
this solution, the higher the internal solution’s pH. Since the concentration of the boundary solution
decreased with increasing current density, the internal solution pH increased with increasing i, as a
consequence, the equivalent fraction of doubly and triply charged anions in the membrane increased.

Each step of the H2PO4
− anion dissociation had a response on the I–V curve. When the boundary

electrolyte concentration became much lower than the bulk concentration, an inclined plateau of
the first limiting electric current was observed. When i > ilim1, a more complete transformation of
the H2PO4

− anion into the HPO4
2− ions in the membrane occurred, the H+ ions liberated in this

reaction gave rise to the electric current. The second plateau appeared when the membrane passed
completely in the HPO4

2− form. The next rise in the current density occurred due to the appearance of
the PO4

3− ions in the membrane and a new portion of the H+ ions ejected into the depleted solution.
When HPO4

2− and PO4
3− ions crossed the membrane boundary and into the enriched solution on

the other side of the membrane, they captured H+ ions from water, which led to an increase of pH in
the enriched solution. It can be also interpreted as generation of OH− ions at the membrane/enriched
solution interface. Thus, in AEM/NaH2PO4 systems, the process of generation of H+ and OH− ions is
separated in space: H+ ions appear at the depleted solution/membrane interface and OH− ions at the
membrane/enriched solution interface.

Following from the above, phosphorus can be transferred across the membrane by singly, doubly
or triply charged anions. However, the origin of all these species are the H2PO4

− anions presented
in the feed solution. Hence, the sum of the phosphorus-bearing species fluxes is equal to the flux of
the H2PO4

− anions from the bulk solution to the depleted membrane boundary. The H2PO4
− ions

are transported by electro-diffusion including the exaltation effect and by electroconvection. The
Leveque equation gives the limiting current density not including the exaltation effect; the latter
gives an increase in the phosphorus flux approximately equal to 10%, and electroconvection (in the
conditions of our experiment) gives the contribution of about 60% to the overall flux. The occurrence
of electroconvection was established via visualization of electroconvective vortices. It was shown that
under the same value of i/ilimLev, the size of electroconvective vortices in the case of 0.02 M NaH2PO4

solution was essentially lower than in the case of NaCl solution of the same concentration. Thus, what
is important is that increasing current densities/voltages in ED systems does not lead to expected
growth of the extraction degree of phosphorus. Increasing current density is spent particularly in the
H+ ions’ transport. Electroconvection is less effective, as in the case of NaCl, since the H+ ions reduce
the space charge at the depleted solution/membrane interface. Hence, with increasing current density
over ilimLev, the current efficiency of the phosphorus recovery strongly decreases.

Another interesting remark is that the conventional application of the Cowan–Brown method to
find the limiting current density, gives the second limiting current density. This current density is nearly
two times higher than ilim1, which mainly determines the flux of phosphorus across the membrane.
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Abstract: In this work, LaPO4:Ce, Tb phosphors were prepared by firing a LaPO4:Ce, Tb precipitate
using an ionic-liquid-driven supported liquid membrane system. The entire system consisted of three
parts: a mixed rare earth ion supply phase, a phosphate supply phase, and an ionic-liquid-driven
supporting liquid membrane phase. This method showed the advantages of a high flux, high
efficiency, and more controllable reaction process. The release rate of PO4

3− from the liquid film under
different types of ionic liquid, the ratio of the rare earth ions in the precursor mixture, and the structure,
morphology, and photoluminescence properties of LaPO4:Ce, Tb were investigated by inductively
coupled plasma-atomic emission spectroscopy, X-ray diffraction, Raman spectra, scanning electron
microscopy, and photoluminescence emission spectra methods. The results showed that a pure phase
of lanthanum orthophosphate with a monoclinic structure can be formed. Due to differences in the
anions in the rare earth supply phase, the prepared phosphors showed micro-spherical (when using
rare earth sulfate as the raw material) and nanoscale stone-shape (when using rare earth nitrate
as the raw material) morphologies. Moreover, the phosphors prepared by this method had good
luminescent properties, reaching a maximum emission intensity under 277 nm excitation with a
predominant green emission at 543 nm which corresponded to the 5D4-7F5 transition of Tb3+.

Keywords: LaPO4: Ce; Tb; ionic liquid; supported liquid membrane; photoluminescence

1. Introduction

Recently, rare-earth-ion-doped multicomponent compounds have attracted considerable attention
due to their potential applications in the fields of electroluminescent devices, high-resolution displays,
biological labels, and integrated optics [1–4]. Among these rare-earth-doped oxide phosphors,
trivalent-cerium- and terbium-coactivated LaPO4 is significant because of its low solubility in water,
its high thermal stability, and its high-efficiency energy transfer between Ce3+ and Tb3+ [5–8]. Due
to the 4f orbital properties of La3+, lanthanide phosphate is transparent in the visible region and has
been proven to be an ideal host structure for other lanthanide ions, resulting in luminescent materials
in the UV-visible region [9–11]. In Ce3+ and Tb3+ co-doped LaPO4, Ce3+ with optically allowed d–f
transitions is an effective activator for Tb3+ emission [12,13]. LaPO4:Ce3+, Tb3+ powders have been
widely used as the green component of three band emission type fluorescent lamps [14,15]. In addition,
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LaPO4:Ce3+, Tb3+ phosphors have drawn continuous research attention in several other applications,
including transparent fillers/markers, biomedical purposes, and plasma display panels [13,16–18].

Phosphor particles should be spherical in shape with no aggregation and their particle size
should be in the micron range (<3 μm) with a narrow size distribution [16,19]. Spherical phosphor
particles are more advantageous for the optical and geometric structure of the phosphor layer. The
size of the phosphor affects the number of phosphor particles needed to produce the best coating for
a particular application [20]. The shape, size distribution, and other microstructural characteristics
of phosphors can be well controlled by different synthetic methods and reaction conditions. To date,
several methods have been reported for the synthesis of phosphate phosphor materials, such as
coprecipitation [21–23], solvothermal methods [24,25], electrospinning methods [26], solid-state
methods [27], sol-gel processes [10,12], and spray pyrolysis [14]. Of these, coprecipitation is a common
industrial synthetic method used to produce rare earth oxide powders and has the advantages of being
feasible, low-cost, and environmentally friendly. Beyond that, fluorescent powders prepared by the
coprecipitation method have uniform particle sizes, low agglomeration, and low phase impurities [21].
However, many factors such as reaction temperature, aging time, pH value, and solution concentration
need to be controlled, which limits the development of coprecipitation methods. It is still challenging
to simply prepare phosphors with favorable morphologies and excellent luminescent performance.

Ionic liquids are a kind of green solvent which includes a wide range of liquids, excellent
thermal stability, a wide electrochemical window, and a low vapor pressure [28–32]. Recently, much
attention has been paid to the study of ionic liquids in supported liquid membrane systems [33,34].
Ionic-liquid-driven supported liquid membrane systems have shown the advantages of high flux, high
efficiency, strong durability, and environmental friendliness, and have made great progress in gas
separation, organic separation, metal ion separation, and chemical reactions. Our team first committed
to the use of an ionic-liquid-driven supported liquid membrane system to prepare CePO4 inorganic
nanomaterials. In doing so, we could easily control the morphologies (rod or sphere) of rare earth
luminescent materials by adjusting the pH and the concentration of SO4

2− [34]. Here, we used a facile
ionic-liquid-driven supported liquid membrane method to prepare rare earth ion (Ce3+, Tb3+) co-doped
LaPO4 phosphors with different morphologies (spherical and stone-like shapes). The preparation
procedure, the role of the ionic liquid supported liquid membrane, characterization of the crystal
structure, and photoluminescent properties of the synthesized LaPO4:Ce3+, Tb3+ phosphors are reported
in the following sections. This method has been proven to be easily controlled, simple, and mild, and
the phosphors prepared by this method show good morphological and photoluminescent properties.

2. Results and Discussion

2.1. Ionic-Liquid-Driven HVHP Membrane Characterization

In this experiment, we use a microporous ionic-liquid-driven HVHP membrane as selective ion
channels that can selectively transfer PO4

3− from the PO4
3− supply phase into the mixed rare earth

ion supply phase to prepare phosphors. We referred to the methods of Krzysztof A. et al. [35] to
characterize the ionic-liquid-driven HVHP membrane. A Raman study was performed to investigate
the ionic liquid presence on the surface and inside the HVHP membrane. The spectra of the inner part
of the ionic-liquid-driven HVHP membrane was recorded up to 40 μm below the surface. As shown in
Figure 1, the Raman vibration modes of ionic liquids can be observed on the surface of and in the interior
of their corresponding functional membranes, which proves ionic liquids’ presence on the surface and
inside the HVHP membranes. Figure 2 shows SEM micrographs of the cross-section of the untreated
HVHP membrane, as well as SEM micrographs and the corresponding map microanalysis (B or S)
of the cross-section of the resulting [C4mim][BF4]- and [C4mim][Tf2N]-driven HVHP membranes.
The micrographs and map microanalysis show that the ionic liquid infiltrates the reticular surface of
the membrane.
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Figure 1. Comparison of Raman spectra of (a) untreated HVHP membrane, (b) [C4mim][BF4],
(c) the surface of the [C4mim][BF4]-driven HVHP, (d) the internal part (40 μm below the surface)
of the [C4mim][BF4]-driven HVHP, (e) [C4mim][Tf2N], (f) the surface of the [C4mim][Tf2N]-driven
HVHP membrane and (g) the internal part (40 μm below the surface) of the [C4mim][Tf2N]-driven
HVHP membrane.

 

 

Figure 2. Plot of (a) micrographs of the cross-section of the untreated HVHP membrane, (b) micrographs
of the cross-section of the [C4mim][BF4]-driven HVHP, (c) map microanalysis (B) of [C4mim][BF4]-driven
HVHP, (d) micrographs of the cross-section of [C4mim][Tf2N] and (e) map microanalysis (S) of the
[C4mim][Tf2N]-driven HVHP membrane.

2.2. Membrane Reaction Mechanism

We referred to the mechanism study of PanPan Zhao et al. [34] to propose a possible membrane
reaction mechanism. The entire process can be divided into two parts: the liquid membrane transport
stage and the precipitation reaction stage. The porous HVHP membrane is a good hydrophobic
barrier which can effectively separate the two aqueous phases. After being immersed in an ionic
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liquid, the function of the HVHP film changes significantly. The microporous HVHP membrane
containing an ionic liquid consists of selective ion channels which can selectively transfer PO4

3− from
the PO4

3− supply phase into the mixed rare earth ion supply phase; the microporous HVHP membrane
without ionic liquid cannot do this (Figure 3a). A precipitation reaction occurs upon PO4

3− contacting
the mixed rare earth ion supply phase on the other side of the HVHP membrane. Throughout the
process, the cation (imidazolium) of the ionic liquid is responsible for the selective transfer of PO4

3−
from the PO4

3− supply phase to the mixed rare earth ion supply phase. The anion is responsible for
controlling the mixed rare earth ion supply phase and the release rate and ionic liquid hydrophobicity
are correlated [34]. The hydrophilicity follows the order [N(SO2CF3)2]− < [BF4]−, so the release rate of
PO4

3− of the ionic-liquid-driven HVHP membrane is in this order (Figure 3a). The reaction appears
to be a liquid-liquid extraction and occurs in the ionic liquid-film phase at the membrane interface.
In addition, due to the thinness and high porosity of the porous HVHP membrane, the numerous ion
transport channels are very short, meaning the precipitation reaction occurs quickly and efficiently.
The experimental device and a schematic diagram of the reaction mechanisms are shown in Figure 4.

 

 

Figure 3. Plot of (a) the concentration of PO4
3− that has crossed the liquid membrane within 60 min

using different ionic liquids in the liquid membrane phase and (b) picture of the phosphor reaction
process and images of the precursor solution color within 60 min when using different ionic liquids in
the liquid membrane phase.
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Figure 4. Ionic-liquid-driven supported liquid membrane system and schematic diagram of
reaction mechanism.

2.3. Transmittance of PO4
3− under the Action of the Two Functional Membranes

To investigate the transfer efficiency of PO4
3− by the different functional membranes, we

performed the following experiment devices: two glass units sandwiching blank-, [C4mim][BF4]- or
[C4mim][Tf2N]-infiltrated membranes. The glass units were filled with 50 mL deionized water and
50 mL of the phosphoric acid solution (1 M). To ensure a homogeneous system, both solutions were
stirred with a magnetic stirrer at 1000 rpm. Samples of 10 μL were taken from the deionized water
phase every 10 min. Then, the samples were diluted and the transfer of PO4

3− under the action of three
kinds of membranes was measured with ICP. Figure 3a shows the changes of PO4

3− concentration in
50 mL of a deionized water phase under the action of three different membranes within 60 min. The
PO4

3− concentration remained at 0 under the action of the blank-infiltrated membrane while the PO4
3−

concentration increased under the action of the ionic liquid functional membranes. This suggests that
PO4

3− cannot cross the blank-infiltrated membrane but can cross ionic liquid functional membranes.
There is a clear difference between the [C4mim][BF4] functional membrane and the [C4mim][Tf2N]
functional membrane, which indicates that the transfer efficiency of the [C4mim][BF4] functional
membrane toward PO4

3− is much greater than that of the [C4mim][Tf2N] functional membrane.
Figure 3b shows a picture of the phosphor reaction process and images of the precursor solution color
when using rare earth sulfates as the rare earth supply phase for the different ionic liquid systems at
different times under 254 nm irradiation. As shown in Figure 3b, precipitation occurs only in the rare
earth phases, which indicates that the rare earth ions cannot pass through the membrane channels
but phosphate can. The sample solutions all emitted green fluorescence when under a 254 nm light
source and the fluorescence brightness increased with increasing reaction time. This proves that the
membrane transfer rate of PO4

3− for the [C4mim][BF4] functional membrane is markedly faster than
that for the [C4mim][Tf2N] functional membrane, which is consistent with the results of previous
research. In the actual production application, we can choose an appropriate functional membrane
with different ionic liquids to achieve the effect of controlling the rate of production.

2.4. Study of the Proportion of LaPO4:Ce3+, Tb3+

To explore the proportion of product, we dissolved an appropriate amount of the precursor
(preparation conditions: 1 mol phosphoric acid solution, rare earth sulfate solution, and [C4mim][Tf2N]
functional membrane) in a moderate amount of hydrochloric acid at 60 ◦C for 30 min, diluted the
sample to the right concentration, and then tested the rare earth ion concentration by ICP. Table 1
shows the molar ratio of the mixed solution of rare earth elements from the rare earth supply phase
and the molar ratio of the precursor. A clear difference between the solution proportion and precursor
proportion can be seen in Table 1 because the rare earth ions do not completely precipitate. Then,

211



Int. J. Mol. Sci. 2019, 20, 3424

we obtained the molar ratio (a fitting degree of greater than 99%) commonly used in the production of
phosphate (La:Ce:Tb = 55:30:15) by simply adjusting the molar ratio of the rare earth ions in solution.

Table 1. The molar ratio of a mixed solution of the rare earth elements and the molar ratio of
the precursor.

Samples La3+ Molal Percent Ce3+ Molal Percent Tb3+ Molal Percent

Initial solution 55.13 31.04 13.83
Initial precursors 53.40 34.99 11.61

After adjusting solution 55.70 26.20 18.09
After adjusting precursors 55.00 30.11 14.89

2.5. Structure and Morphologies of the LaPO4:Ce3+, Tb3+ Phosphors

In this study, we used an ionic-liquid-driven supported liquid membrane system to prepare
phosphors. The whole system consisted of two glass units sandwiching a functional membrane
([C4mim][BF4] or [C4mim][Tf2N]). The glass units were filled with 50 mL of the rare earth mixture
(rare earth sulfates or rare earth nitrates) and 50 mL of the phosphoric acid solution (1 M). The PO4

3−
crossed the functional membrane to react with the rare earth ions in this system. Finally, the phosphors
were prepared by calcining the precursors. The powder samples prepared from different rare earth ion
sources (rare earth nitrates and rare earth sulfates) in the [C4mim][BF4] functional membrane were
labelled BN and BS, respectively, and powder samples prepared from different rare earth ion sources
(rare earth nitrates and rare earth sulfates) in the [C4mim][Tf2N] functional membrane were labelled
NN and NS, respectively.

X-ray diffraction patterns were employed to determine the phase purities and crystal structures of
the phosphor products. Figure 5a shows the XRD patterns of the precursors prepared under different
conditions (different rare earth solutions and different ionic liquids). The vertical bars show the
standard hexagonal LaPO4 peak positions (JCPDS No. 04-0635). Figure 5a shows that the diffraction
peaks of all the precursors can be readily indexed to the hexagonal structure of LaPO4 in the P6222
space group (JCPDS No 04-0635). Figure 5b shows the XRD patterns of the as-prepared LaPO4:Ce, Tb
phosphor samples prepared under different conditions (different rare earth solutions and different
ionic liquids). The vertical bars show the standard monoclinic LaPO4 peak positions (JCPDS No.
32-0493). From Figure 5b, it is obvious that peaks at 2θ = 19.04◦, 21.74◦, 27.08◦, 28.88◦, and 42.48◦ are
present after annealing at 1000 ◦C, which may be attributed to the (011), (101), (200), (120), and (221)
reflections of the monazite crystalline structure of lanthanum phosphate. A monoclinic phase (space
group: P21/n) of pure LaPO4 (JCPDS No. 32-0943) was obtained. By comparing the XRD pattern of
the as-prepared precursors and LaPO4:Ce, Tb phosphor samples, we found that after annealing at
1000 ◦C, the fluorescent powder XRD peaks were sharper, the crystallinity was better and the structure
of LaPO4:Ce, Tb had changed from a hexagonal to a monoclinic crystal phase. In addition, after the
sample was calcined at 1000 ◦C, all the diffraction peaks shifted to the right compared with the standard
diffraction peaks. This is because the radii of Ce3+ (~0.1034 nm) and Tb3+ (~0.0923 nm) are smaller than
the radius of La3+ (~0.1061 nm) in the LaPO4:Ce3+, Tb3+ crystals, which leads to lattice contraction and
a reduction of interplanar distance. Thus, based on the Bragg diffraction principle 2dsinθ = λ, where
the decrease of the d value increases the diffraction angle, the diffraction peak positions of the XRD
patterns move towards larger angles [23,36].

The morphology, size, and microstructural details were investigated by scanning electron
microscopy. Figure 6 shows the SEM micrographs of the precursors prepared under different
conditions (different rare earth solutions and different ionic liquids). Notably, the morphologies
of the precursors are similar in the different ionic liquid functional membranes but show different
morphologies for the different rare earth sources. When the anion of the rare earth mixed solution was
sulfate, the samples exhibited a spherical morphology with particle sizes in the range of 600–800 nm,
and a rough surface which consisted of aggregates of smaller particles. When the anion of the rare
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earth mixed solution was nitrate, the samples exhibited a flower-like structure with a diameter of
approximately 30 nm and a length of approximately 200 nm. According to our previous research, we
believe the reason for the formation of this globular structure is due to the template effect of SO4

2− [34].
Figure 7 shows SEM micrographs of the as-prepared LaPO4:Ce, Tb phosphor samples prepared
under different conditions (different rare earth solutions and different ionic liquids). Similarly to the
precursors, the annealed samples had similar morphologies when prepared with different ionic liquid
functional membranes but different morphologies when prepared with different rare earth sources.
After sintering, the samples prepared with rare earth sulfates as the raw material maintained their
spherical structure, but the aggregation between spheres was more severe than that in the precursor
samples. The small particles on the spherical surface of the sintered samples were larger than those on
the surface of the respective precursor. However, after sintering, the samples prepared with rare earth
nitrates as the raw material changed from a nanowire flower-like structure to a stone-like structure.
The particle sizes were in the range 30–300 nm. The results show that the crystal size of all the samples
increased after calcining, and due to the templating effect of SO4

2−, the samples with rare earth sulfates
as the raw material continued to maintain their large micro-sized spherical morphology, while the
shape of the samples prepared using rare earth nitrates as the raw material grew from a flower-like
structure into a stone-like morphology.

 
(a) (b) 

Figure 5. XRD patterns of the precursors (a) and calcined LaPO4:Ce3+, Tb3+ phosphors (b) prepared
under different conditions.

 

 

Figure 6. Cont.
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Figure 6. SEM images of the precursors prepared under different conditions: (a) BS, (b) NS, (c) BN,
and (d) NN. (EHT for extra high tension, WD for working distance)

 

 

Figure 7. SEM images of calcined LaPO4:Ce3+, Tb3+ phosphors prepared under different conditions:
(a) BS, (b) NS, (c) BN, and (d) NN. (EHT for extra high tension, WD for working distance)

2.6. Photoluminescent Properties of the LaPO4:Ce3+, Tb3+ Phosphors

Figure 8 shows the excitation spectra of all the calcined LaPO4:Ce3+, Tb3+ phosphors by monitoring
the 5D4→7F5 emission of Tb3+ (λem = 543 nm) at room temperature. As clearly shown in Figure 8, the
obtained fluorescent materials absorb excitation energy in the range of 240–310 nm with a maximum
excitation wavelength at 277 nm, which may be related to the f–d transitions of Ce3+. In addition,
several small peaks can be detected in the range of 310–400 nm, which could be caused by the f–f
transitions of Tb3+ [37,38]. Because of the forbidden nature of these transitions, their oscillator strength
is much weaker than that of the spin-allowed 4f1–4f05d1 Ce3+ transitions [22]. The excitation spectra
consist of the strong excitation band of Ce3+ and the weak excitation bands of Tb3+, revealing that Tb3+

are essentially excited by Ce3+. In fact, several of the weak f–f excitation bands of Tb3+ are only present
in the region of the Ce3+ emission. Thus, energy transfer from Ce3+ to Tb3+ occurs [21]. The emission
spectra of all the calcined LaPO4:Ce3+, Tb3+ phosphors at an excitation of 277 nm are shown in Figure 9.
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All the calcined LaPO4:Ce3+, Tb3+ phosphors show obvious photoluminescence in the spectral range
of 450–650 nm, and the four emission peaks at 487, 543, 584, and 621 nm can be assigned to the 5D4–7F6,
5D4–7F5, 5D4–7F4, and 5D4–7F3 transitions, respectively, of Tb3+ [39,40]. Among these peaks, the green
emission at 543 nm, which corresponds to the 5D4–7F5 transition of Tb3+, is the predominant peak. The
spectral properties of the phosphors prepared by an ionic-liquid-driven supported liquid membrane
system are essentially the same as those prepared by other synthetic methods, in which the improved
ionic-liquid-driven supported liquid membrane system is a new and effective method to prepare
LaPO4:Ce3+, Tb3+ phosphors.

Figure 8. The excitation spectra of the calcined LaPO4:Ce3+, Tb3+ phosphors prepared under different
conditions.

Figure 9. The emission spectra of the calcined LaPO4: Ce3+, Tb3+ phosphors prepared under different
conditions.

3. Materials and Methods

3.1. Materials

The lanthanum sulfate hydrate, cerium sulfate hydrate, terbium sulfate hydrate, lanthanum nitrate
hydrate, cerium nitrate hydrate, and terbium nitrate hydrate were provided by the Baotou Research
Institute of Rare Earths, and the phosphoric acid solution was purchased from Aladdin (Shanghai,
China). The chemicals used in the experiments were of analytical grade. The HVHP-04700 (pore size
0.45 μm and thickness 125 μm, ø: 5.5 cm, DUPAPORE®), a hydrophobic porous polyvinylidene fluoride
film, was obtained from Millipore Corp. The ionic liquids (ILs) were selected from [C4mim][BF4]
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and [C4mim][Tf2N] produced by the Center for Green Chemistry and Catalysis, Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences. Figure 10 shows the molecular structures of the ionic
liquids used in this study.

Figure 10. The molecular structures of the different ionic liquids used.

3.2. Preparation of the Ionic-Liquid-Driven Supported Liquid Membrane, the La, Ce, and Tb Supply Phase, and
the PO4

3− Supply Phase

To prepare the ionic-liquid-driven supported liquid membrane, the hydrophobic porous
polyvinylidene fluoride film (HVHP-04700) was immersed in an ionic liquid (≥200 μL of either
[C4mim][BF4] or [C4mim][Tf2N]) for more than 2 h. For the La, Ce, and Tb supply phase, a lanthanum
sulfate, cerium sulfate, and terbium sulfate mixed solution (or a lanthanum nitrate, cerium nitrate,
and terbium nitrate mixed solution) was prepared in a calibrated volumetric flask by dissolving each
compound in ultrapure water at a suitable La/Ce/Tb molar ratio. Each compound was placed in an
ultrasound cleaner for 20 min to ensure complete dissolution. The PO4

3− supply phase (1 M) was
prepared in a calibrated volumetric flask by the dilution of concentrated phosphoric acid.

3.3. LaPO4:Ce3+, Tb3+ Precursor Synthetic Process for the Membrane Reaction

The experiment was carried out in a glass cell system with self-adjusting diffusion which consisted
of two glass units sandwiching a functional membrane ([C4mim][BF4] or [C4mim][Tf2N]). The glass
units were filled with 50 mL of the rare earth mixture (rare earth sulfates or rare earth nitrates) at a
certain ratio and 50 mL of the phosphoric acid solution (1 M). To ensure a homogeneous system, both
solutions were stirred with a magnetic stirrer at 1000 rpm (Mini MR, IKA). After the complete reaction
had occurred at room temperature, the white product was collected, centrifuged, and washed with
ethanol more than 5 times, and then dried at 60 ◦C in a drying oven for 12 h to obtain the precursor.
Under a set temperature (1000 ◦C), the LaPO4:Ce, Tb precursor powder was calcined for 1 h under a
reducing atmosphere to finally produced the green-emitting phosphors.

3.4. Characterization Methods

The concentration of P in the ultrapure water phase and the rare earth ion concentration of
the LaPO4:Ce3+, Tb3+ samples were measured using a HORIBA-Jobin Yvon ULTIMA 2 series by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The Raman spectra were
measured using the Horiba Jobin Yvon S.A.S. LabRAM Aramis. The structures and phase purities of the
as-prepared LaPO4:Ce3+, Tb3+ samples were identified using X-ray diffraction analysis with a Bruker
AXS D8 Advance Powder X-ray diffractometer (Cu Kα radiation, λ = 1.5418 Å). The morphologies,
energy spectrum of membranes, and the as-prepared products were observed under a ZEISS SIGMA
500 field emission scanning electron microscope. The excitation and emission spectra were taken
on an Edinburgh FLS980 spectrometer equipped with a 450 W ozone-free xenon arc lamp as the
excitation source.
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4. Conclusions

In summary, LaPO4:Ce, Tb phosphors with monoclinic structures and good photoluminescence
were successfully synthesized using a novel, controllable, and efficient ionic-liquid-driven supported
liquid membrane system. The release rate of PO4

3− from the liquid membrane with different ionic
liquids was different. The phosphors prepared by this method exhibited micro-spherical (when using
rare earth sulfates as the raw material) and nanoscale stone-shape (when using rare earth nitrates as
the raw material) morphologies due to the influence of the different anions. These studies indicate
that ionic-liquid-driven supported liquid membrane systems are a promising method for preparing
LaPO4:Ce3+, Tb3+ phosphors.
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Abstract: The valorization of by-products from natural organic sources is an international priority to
respond to environmental and economic challenges. In this context, electrodialysis with filtration
membrane (EDFM), a green and ultra-selective process, was used to separate peptides from salmon
frame protein hydrolysate. For the first time, the simultaneous separation of peptides by three
ultrafiltration membranes of different molecular-weight exclusion limits (50, 20, and 5 kDa) stacked
in an electrodialysis system, allowed for the generation of specific cationic and anionic fractions with
different molecular weight profiles and bioactivity responses. Significant decreases in peptide recovery,
yield, and molecular weight (MW) range were observed in the recovery compartments depending on
whether peptides had to cross one, two, or three ultrafiltration membranes. Moreover, the Cationic
Recovery Compartment 1 fraction demonstrated the highest increase (42%) in glucose uptake on
L6 muscle cells. While, in the anionic configuration, both Anionic Recovery Compartment 2 and
Anionic Recovery Compartment 3 fractions presented a glucose uptake response in basal condition
similar to the insulin control. Furthermore, Cationic Recovery Compartment 3 was found to contain
inhibitory peptides. Finally, LC-MS analyses of the bioassay-guided bioactive fractions allowed us
to identify 11 peptides from salmon by-products that are potentially responsible for the glucose
uptake improvement.

Keywords: electrodialysis with filtration membrane (EDFM); triple size-selective separation;
glucose uptake; bioassay-guided validation; bioactive peptides

1. Introduction

Type 2 diabetes (T2D) is a complex multifactorial disorder resulting from insulin resistance in
peripheral tissues, such as skeletal muscle, and pancreatic β-cell dysfunction [1]. This disease is
growing at an alarming rate and is predicted to account for more than 350 million cases by 2030 [2].
Skeletal muscle is the major site of glucose uptake in the postprandial state and the development of
insulin resistance in this tissue is considered a cornerstone in the pathogenesis of T2D. Interestingly,
increased fish consumption has been suggested to protect against metabolic syndrome (MetS), type 2
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diabetes and cardiovascular disease (CVD) in obese subjects [3,4]. Our group previously showed that
fish protein is an important contributor to these beneficial effects. Indeed, Pilon et al. (2011) showed
that salmon protein hydrolysate reduced inflammation in visceral adipose tissue and improved insulin
sensitivity in an animal model of diet-induced obesity [5]. Furthermore, we recently reported that
in a mouse model of obesity, a low molecular weight peptide (LMWP) fraction (<1 kDa) from the
proteolytic digestion of salmon filleting waste improved glucose tolerance and lipid homeostasis [6].
Interestingly, other fish protein sources than salmon have been reported for their metabolic properties
in animal models and also in humans [7–13]. Therefore, proteins from marine by-products definitively
represent a high potential for the development of functional foods and nutraceutical products [7–13].
On the other hand, the value-added aspects of organic by-products have become a priority in order to
respond to the sustainability, environmental, economic, and regulatory challenges [14,15].

Consequently, production, separation, and characterization of bioactive peptide (BP) by-products
are important issues for the food and biopharmaceutical industries, and we are now aware that
BPs’ activity depends on specific molecular and chemical properties [16]. For example, the surface
charge of peptides has been shown to be an important factor for the expression of their bioactivity,
and they have to be selectively recovered to maximize their activity [17]. However, since enzymatic
hydrolysis is used to liberate BPs from the protein matrix [18], generating complex peptide mixtures,
a sustainable technique allowing for the selective purification and concentration of these BPs or
peptide fractions from complex mixtures is needed. Also, it was demonstrated that BPs may have
low molecular weight depending on the conditions of digestion and the types of proteolytic enzymes
used [19,20]. Amongst the available technologies for peptide separation, pressure-driven processes
such as ultrafiltration, nanofiltration [21–23], and chromatographic methods [24,25] are perhaps most
frequently used. However, pressure-driven techniques sometimes fail to separate molecules of similar
size and are susceptible to membrane fouling [26]. Chromatography is too costly, slow, not applicable
for the fractionation of large sample volumes, and sometimes uses organic solvents [27]. Isoelectric
focusing is perhaps a more biocompatible separation technology that is most often used on a laboratory
scale and, more recently, on a larger scale, but as mentioned by Hashimoto et al. (2005, 2006) [28,29],
the limiting volume (50 L), the degradation of agarose gels after prolonged time (8 h) of peptide
fractionation, and high voltages (500–600 V) led researchers toward alternative methods for an optimal
separation and purification. More recently, electrodialysis with filtration membrane (EDFM), a “green”
and ultra-selective process, was developed for separation/concentration of bioactive ingredients.
EDFM is based on the size exclusion capabilities of porous membranes with the charge selectivity
of electrodialysis. In comparison with other common technologies used for biomolecule separation,
EDFM has many unique advantages: it is environmentally-friendly, using no organic solvents or
dangerous chemicals; it is highly selective for targeted molecules; it operates at low pressure and
therefore reduces membrane fouling; it allows simultaneous molecular separation and concentration
as well as preservation of the feed solution’s commercial value. Recently, Roblet et al. (2016) used
the EDFM process to fractionate a low molecular weight (<1 kDa) salmon protein hydrolysate and
demonstrated that the basal glucose uptake as well as insulin-stimulated glucose uptake were enhanced
by 40% and 31%, respectively, at pH 6 in the final feed compartment [30]. However, in that work,
only one molecular weight cut-off (MWCO) of 20 kDa was used for the ultrafiltration (UF) membrane
and consequently no discrimination according to the peptide size between recovery fractions and their
glucose uptake response was possible.

Hence, in a context of eco-efficiency and to create value-added products, the objectives of the
present study were (1) to simultaneously separate specific peptide fractions, according to their charges
as well as MW, from a salmon protein hydrolysate by EDFM by stacking three UF membranes of
different molecular weight exclusion limits (50, 20, and 5 kDa), (2) to characterize the peptide fractions
obtained after separation in terms of molecular weight profiles and sequences, and (3) to measure
in vitro the level of glucose uptake response of these fractions in the presence or absence of insulin
stimulation in L6 skeletal muscle cells, following this charge and size separation.
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2. Results and Discussion

2.1. Evolution of Peptide Concentration and Final Migration Rates

The patterns of peptide separation and concentration as a function of time in recovery
compartments of both cationic and anionic configurations measured by the micro-BCA method
are represented in Figure 1.

Figure 1. Evolution of peptide concentration in (a) cationic (Cationic Recovered Compartment 1,
Cationic Recovered Compartment 2, Cationic Recovered Compartment 3, respectively, CRC1, CRC2,
and CRC3) and (b) anionic (Anionic Recovered Compartment 1, Anionic Recovered Compartment 2,
Anionic Recovered Compartment 3, respectively ARC1, ARC2, and ARC3) compartments during 6 h
of the electrodialysis with ultrafiltration membrane (EDUF) process. Lowercase letters are used to
compare the three recovered compartments of the same configuration where capital letters are used to
compare the recovered compartments between anionic and cationic configurations. Values followed by
different letters were statistically different.

As expected, significant differences (p < 0.05) were obtained concerning the peptide concentrations
in the recovery compartments in the order of CRC1 > CRC2 > CRC3 for the cationic configuration and
ARC1 > ARC2 > ARC3 for the anionic configuration. Indeed, final concentrations obtained for cationic
fractions were 129.10 ± 3.57; 27.74 ± 3.61 and 4.78 ± 1.80μg/mL corresponding to peptide migration
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rates (Table 1) ranging between 0.13 and 3.9 g/m2·h. At the same time, the final concentrations recovered
in the anionic configuration were 108.91 ± 0.41μg/mL and 11.51 ± 3.66μg/mL, corresponding to peptide
migration rates between 0.24 and 2.24 g/m2·h (Table 1). No significant peptide migration (p > 0.05) was
observed in the ARC3 compartment after 6 h of electrodialysis with ultrafiltration membrane (EDUF)
treatment. However, in this particular sample, nitrogen content analysis by LECO (Table 1) showed the
presence of very low concentrations of peptides (0.15%) (p/p) in the final powder, after lyophilisation
of the recovery compartments.

Table 1. The relative energy consumption, peptide migration rate, and peptide concentration in cationic
and anionic configuration compartments. Lowercase letters are used to compare the three recovered
compartments of the same configuration, means with different lowercase letters are significantly
different (p < 0.05). Whereas capital letters are used to compare the recovered compartments between
anionic and cationic configuration, means with different capital letters are significantly different
(p < 0.05).

EDUF Fractions Peptide (%)
Peptide Migration

Rate (g/m2·h)
Relative Energy

Consumption (Wh/g)

Unfractionated salmon protein hydrolysate (USPH) 80.83 ± 2.14 — —
EDUF Configuration a — — 512.56 ± 95.59 b

Cationic Final Feed Compartment (CFFC) 67.16 ± 1.72 — —
Cationic Recovery Compartment 1 (CRC1) 9.20 ± 2.29 3.19 ± 0.14 a,A —
Cationic Recovery Compartment 2 (CRC2) 1.79 ± 0.54 0.73 ± 0.06 b,A —
Cationic Recovery Compartment 3 (CRC3) 0.33 ± 0.19 0.13 ± 0.06 c,A —

EDUF Configuration b — — 849.71 ± 80.18 a

Anionic Final Feed Compartment (AFFC) 71.88 ± 0.94 — —
Anionic Recovery Compartment 1 (ARC1) 6.67 ± 0.7 2.24 ± 0.21 a,B —
Anionic Recovery Compartment 2 (ARC2) 0.37 ± 0.14 0.21 ± 0.06 b,B —
Anionic Recovery Compartment 3 (ARC3) 0.15 ± 0.008 0.01 ± 0.04 c,B —

Peptides have to migrate further from the inlet feed solution to reach compartment 2 and even
further to reach compartment 3 as compared to compartment 1. So, only low molecular weight
peptides and/or larger peptides with high charge density could reach compartments 2 and 3 and
migrate through the UF membrane with a MWCO of 20 kDa (UF-20 kDa) and the UF membrane
with a MWCO of 5 kDa (UF-5 kDa). This was confirmed by previous studies carried out on flaxseed
cationic peptides [31] and snow crab anionic peptides [32] for a configuration composed of two UF
membranes with different MWCOs. Differences observed between the cationic configuration and
the anionic configuration could be due to the higher cationic peptide concentrations generated by
the successive digestion with pepsin and trypsin/chymotrypsin. These results were in accordance
with work by Udenigwe et al. (2012) [33] on flaxseed hydrolysate protein, where a higher peptide
concentration was observed in the cationic compartment after the EDUF separation. Moreover, in the
present study, for the CRC1 and ARC1 compartments, results showed a linear increase of the migration
rate during the first four hours of EDUF treatment, and then a slowdown appeared in migration rates
during the last two hours. These results could be due to an alteration of the membrane (UF membranes
and ion-exchange membranes (IEMs)) integrity or to a membrane fouling. Indeed, the thickness
and conductivity of each membrane of both configurations were determined before and after three
repetitions. No differences were observed concerning the thickness whatever the membrane for both
configurations. Nevertheless, a decrease of the conductivity of the UF membranes and the IEMs
for both configurations could indicate an internal and irreversible fouling by peptides or free amino
acids. Indeed, Suwal et al. (2015) have observed an irreversible fouling by free amino acids in internal
nano-pores of IEM during EDUF separation [34].
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2.2. Characterization of Peptide Profile by RP-UPLC-MS

Peptides of low molecular weight (MW) in the 301–500 Da range were the most prevalent in the
unfractionated salmon protein hydrolysate (USPH) (46.6% of total abundance) (Figure 2a).

Figure 2. Profiles of peptide molecular weight in (a) USPH, CFFC, and AFFC, (b) cationic compartments
(CRC1, CRC2, and CRC3) and (c) anionic compartment (ARC1, ARC2, and ARC3) generated after 6 h of the
EDUF process. Means with different lowercase letters within a molecular weight range are significantly
different (p < 0.05).

These results were in accordance with previous results obtained by Roblet et al. (2016) [30].
Indeed, similar relative abundances were found for molecular weight ranging from 301 to 500 Da.
After 360 min of EDUF treatment, a significant decrease (p < 0.005) was observed for levels of peptides
ranging from 201 to 300 Da in the Anionic Final Feed Compartment (AFFC) and a significant increase
(p < 0.05) for levels of peptides from 1001 to 2000 in the anionic collection compartments (AFFC).
No difference (p < 0.05) was observed between amounts of peptides accumulated in the Cationic Final
Feed Compartment (CFFC) and AFFC compartments for the peptides from other size ranges (Figure 2a).

Figure 2b compares the abundance of the different peptides in terms of MW after 6 h of EDUF
separation among the CRC1, CRC2, and CRC3 compartments. It appeared that the peptide abundances
followed a normal distribution that was shifted toward the low molecular weight peptides (LMWPs)
as the migration progressed. Indeed, maximal accumulation of peptides for the CRC1 (25.26 ± 3.08%)
was observed for MWs ranging from 401 to 500 Da. The CRC2 maximal abundance of 20.96 ± 0.38%
was observed for MWs ranging from 301 to 400 Da while for CRC3, highest peptide accumulations
(25.40 ± 2.69%) was observed for MWs ranging from 201 to 300 Da.

The peptide abundances obtained from the anionic configuration are shown in Figure 2c.
Concerning anionic recovery compartments, the majority of peptides ranged in size from 301 to
500 Da. The results also demonstrated that ARC3 contained the highest peptide accumulations for MWs
ranging from 201 to 300 Da and 301 to 400 Da (9.19 ± 1.82 and 41.64 ± 3.79% of the total accumulation,
respectively) compared to ARC2 and ARC1. Indeed, due to their highest charge and/or lower MWs,
peptides ranging from 201 to 400 Da were more able to cross all UF membranes and reach the last
compartment. Peptides with MWs between 401 to 500 Da and 501 to 600 Da were significantly higher
in the ARC2 compared to the ARC1 and ARC3, respectively. Finally, the level of high molecular weight
peptides (HMWPs) (over 601 Da) was higher in the ARC1 (27.69 ± 1.85%) compared to the ARC2 and
ARC3 (16.33 ± 1.58 and 9.40 ± 0.51%).

As expected, a decrease in the average size of peptides was observed as follows: CFFC > CRC1>

CRC2>CRC3 for the cationic configuration and AFFC >ARC1 >ARC2 >ARC3 for the anionic configuration,
which confirmed the high selectivity of the EDUF process.
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2.3. Relative Energy Consumption

The relative amount of energy consumed is a measurement of the energy used for the migration
of one gram of peptides and is reported in Table 1. The results were found to be 512 and 849 Wh/g for
cationic and anionic configurations, respectively. The lowest energy consumption was observed for the
cationic configuration due to its higher global migration rate. Indeed, as previously demonstrated by
Koumfieg Noudou et al. (2016), the increase of the inlet peptide concentration resulted in a decrease of
the relative energy consumption [35]. The relative energy consumption varied depending on the cell
configuration, the voltage applied, and the peptide migration rate, as demonstrated in previous works,
with values ranging from 3.53 to 631 Wh/g [32,35].

2.4. Glucose Uptake Experiments

The effects of salmon peptide (recovered, initial, and post treatment) fractions on in-vitro glucose
uptake on L6 skeletal muscle cells using two different peptide concentrations (1 ng/mL and 1 μg/mL)
were measured in basal and insulin-stimulated conditions. Results presented in Figure 3a show a
significant enhancement (p < 0.05) of insulin-stimulated glucose uptake for the CFFC at 1 ng/mL (29%)
but not for the USPH and AFFC (in absence or presence of insulin stimulation). However, glucose
uptake was not affected by any of the fractions used (USPH, CFFC, or AFFC) at 1 μg/mL in the presence
or absence of insulin. These results are in accordance with previous works of Roblet et al. (2016) [30],
where a limited effect of the initial salmon protein hydrolysate was observed at 1 ng/mL and 1 μg/mL.
While the final solution recovered in the feed compartment showed a significant enhancement of the
glucose uptake at pH 6 [30].

Figure 3. Glucose uptake modulation in L6 skeletal muscle cells in absence or presence of insulin
stimulation by (a) USPH, CFFC, and AFFC, (b) cationic compartments (CRC1, CRC2, and CRC3) and
(c) anionic compartments (ARC1, ARC2, and ARC3) generated after 6 h of the EDUF process. One asterisk
indicate that mean values are significantly different (p < 0.05) than the mean value for the control.

As shown in Figure 3b, after 6 h of EDUF separation in the cationic configuration, only CRC1

showed a significant bioactivity (p < 0.05) at 1 ng/mL on both basal (42%) and insulin-stimulated
glucose uptake (29%) but not at 1 μg/mL. Conversely, CRC2 significantly enhanced glucose uptake (18%)
in the presence of insulin at 1 μg/mL but not at the lower concentration (Figure 3b). Interestingly, CRC3

was found to significantly decrease (15%) insulin-induced glucose uptake (p < 0.05) at 1 ng/mL but had
no effect at the higher concentration or on basal glucose uptake. According to these results, it appeared
that the CRC3 fraction has no anti-diabetic potential, suggesting that the CRC3 may contain some
inhibitory peptides. The CFFC fraction, obtained from the USPH at the end of the EDUF process, and
thus depleted in cationic peptides, was found to have higher glucose uptake activity than USPH in the
presence of insulin. In addition, CRC1 presented a similar or higher glucose uptake response than CFFC

independent of the condition. It is also important to note that, in the basal state, the CRC1 at 1 ng/mL was
able to stimulate glucose uptake to the same extent as insulin alone. Additionally, at 1 μg/mL, since no
significant increase in glucose uptake for both CFFC and CRC1 was reported in the presence or absence
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of insulin stimulation, let us conclude that their glucose uptake response was not dose-dependent,
suggesting that some neutral peptides in the fractions may have masked the bioactivity of the positive
ones. Concerning the glucose uptake stimulation in the basal condition, these results were in accordance
with previous works obtained by Roblet et al. (2016) [30]. Those authors demonstrated a significant
enhancement of the glucose uptake in the absence of insulin stimulation for the cationic fraction at
pH 6 as the CRC1 [30]. Difference appeared for the bioactivity in the presence of insulin stimulation.
Indeed, in previous works, the glucose uptake was not affected by the cationic fraction while CRC1

and CRC2 showed a significant enhancement of the glucose uptake with insulin stimulation. These
differences could be due to the EDUF configuration (three UF membranes with MWCOs of 50, 20, and
5 kDa vs. one UF membrane with a MWCO of 20 kDa) and separation parameters (duration: 6 h vs 1 h;
electric field strength of 6 V/cm vs, 14 V/cm; initial peptide concentration of 0.7% vs. 2% [30]) which
allowed for the recovery of a higher peptide concentration and a higher diversity of peptides. Moreover,
amongst all cationic peptides separated in the different fractions, using Mass Profiler Professional
software, MWs and retention time (Table 2) of seventeen peptides were found to be simultaneously
and specifically present in all three bioactive fractions (CFFC, CRC1, and CRC2). Thereafter using the
Spectrum Mill MS Proteomics software and a specific protein Salmo salar database from NCBI [36],
five peptides were identified; their sequences, net charges, and protein precursors are not shown here
due to confidential issues (a patent application is in progress).

Table 2. Cationic and anionic peptides simultaneously present in each cationic (CFFC, CRC1, and CRC3)
and anionic (ARC1, ARC2, and ARC3) bioactive fraction.

Cationic Peptide’s Anionic Peptide’s

#
Retention

Time (min)
Molecular

Weight (Da)
Frequency * #

Retention
Time (min)

Molecular
Weight (Da)

Frequency *

1 6.655 627.3711 8 1 9.878 416.2344 8
2 8.844 671.3281 8 2 10.172 456.2654 8
3 12.663 794.4654 9 3 14.991 531.2895 9
4 13.862 507.2681 9 4 15.240 409.1843 9
5 13.910 843.4589 9 5 15.271 503.2657 8
6 13.910 719.4219 9 6 15.750 502.2628 9
7 13.915 956.5451 9 7 16.536 444.2577 9
8 14.035 1085.6240 8 8 18.710 869.5485 9
9 14.141 801.4025 8 10 19.019 502.2713 8
10 16.378 805.4078 9 11 19.783 407.2053 9
11 16.491 372.2368 8 12 20.905 515.3020 8
12 18.962 473.3213 9 13 21.399 407.2056 9
13 18.963 643.4267 9 14 22.346 458.2737 9
14 21.274 634.3794 9 15 23.048 494.2369 9
15 25.261 409.2029 9 16 23.091 542.2369 9
16 27.316 434.2523 9 17 24.073 431.2728 9
17 30.407 1014.5737 9 18 24.089 592.2850 9

19 26.698 829.3969 9
20 26.855 458.2721 9
21 29.435 660.3509 8

* For each configuration, nine fractions were compared (three compartments in triplicate). A frequency of nine
means that the molecular mas was found in each compartment and for each repetition.

Concerning anionic fractions, all recovered fractions (ARC1, ARC2, and ARC3) demonstrated a
significant enhancement of the bioactivity (p < 0.05) for both concentrations (1 ng/mL and 1 μg/mL)
at the basal level (Figure 3c) and a tendency (not statistically significant, p > 0.05) to be increased
in insulin-stimulated conditions. Moreover, very interestingly, both ARC2 and ARC3 showed the
same increase in glucose uptake (p = 0.31 and p = 0.55, respectively) compared with that of insulin,
while ARC1 was not able to reach the same level of bioactivity (p = 0.01). That could be explained
by the selectivity of the process leading to the concentration of bioactive peptides in the second and
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last compartments. Nevertheless, the AFFC fraction that was depleted in anionic peptides did not
show any improvement of glucose uptake. Roblet et al. (2016) [30] also observed a significant effect of
anionic fractions recovered at both pH 3 and pH 9 on glucose uptake modulation in the absence of
insulin stimulation, while a limited effect was observed for the anionic fraction obtained at pH 6 [30].
The greater effect obtained on glucose uptake modulation by the three ARC (ARC1, ARC2, and ARC3)
fractions compared to the anionic fraction obtained in previous work could be explained, as for the
cationic fractions, by differences concerning the EDFM configuration and separation parameters [32,37].
Using the same method as for cationic peptides, the MWs of twenty-one anionic peptides present in all
bioactive anionic recovered fractions (ARC1, ARC2, and ARC3) were identified (Table 2). Amongst these
twenty-one peptides, six peptides were confirmed and characterized. As mentioned previously for
cationic peptides, the characteristics and sequences of anionic peptides are not shown here due to an
in-progress patent application.

Finally, anionic peptides increased glucose uptake in the absence of insulin stimulation, while
cationic peptides increased it in the presence of insulin stimulation. In skeletal muscle cells,
glucose uptake can be modulated by at least two different signaling pathways: IRS-1/PI3K/Akt
(insulin dependent) and 5′-AMP-activated protein kinase (AMPK) (insulin independent) [38].
As previously explained, anionic peptides seem to stimulate the glucose uptake in the absence of insulin
stimulation, while for cationic peptides, a better response was obtained in the insulin-stimulation
condition; it is possible that the anionic and cationic peptides reported in Table 2 stimulate different
pathways involved in glucose uptake. These two pathways are well known for their critical role
for glucose transporter translocation to the muscle cell surface in the presence or absence of insulin.
Moreover, these pathways were identified as therapeutic targets of anti-diabetic drugs such as metformin
and thiazolidenediones, the activation of these pathways by EDUF-isolated salmon bioactive peptides
could represent a therapeutic or preventive potential of T2D [39]. To verify this hypothesis, further
investigation should be carried out to confirm if these SPH peptide fractions are potential activators of
the IRS-1/PI3K/AKT and/or AMPK pathways.

3. Materials and Methods

3.1. Materials and Electrodialysis Cell

3.1.1. Electrodialysis Configurations

The electrodialysis cell used for the experiment was an MP type cell manufactured by ElectroCell
Systems AB Company (Täby, Sweden). The cell had an effective surface area of 200 cm2 and was
composed by one anion-exchange membrane (AEM), one cation-exchange membranes (CEM), and three
UF membranes with MWCO of 50, 20, and 5 kDa (UF-50 kDa, UF-20 kDa, UF-5 kDa, respectively)
as illustrated in Figure 4. The electrodes used were a dimensionally-stable anode (DSA) and a
316 stainless steel cathode. The electrical potential for the electrodialysis with ultrafiltration membrane
(EDUF instead of EDFM since the filtration membrane was a UF membrane) was supplied by a variable
0–100 V power source. One polypropylene spacer (0.74 mm) was stacked in each compartment to
promote turbulence. Two different cell configurations allowing the separation of cationic or anionic
charged peptides from salmon protein hydrolysate were tested in this study:

For both configurations, the cell was composed of five closed loops: three of them contained 1.5 L
of a KCl solution (2 g/L) for the recovery compartments, one loop contained the feed compartment,
and the last one contained the electrode rinsing solution (20 g/L Na2SO4, 3 L), and was split in half
between the anode and the cathode compartments. The solutions were circulated using five centrifugal
pumps, and the flow rates were set at 2 L/min using flow meters (the electrode rinsing solution was
maintained at 4 L/min and split in half between the anode and the cathode compartments) (Blue-White
Industries Ltd., Huntington Beach, CA, USA).
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Figure 4. Layout showing EDUF membrane configurations, (a) cationic and (b) anionic, for the
fractionation of the feed solution, which was an Unfractionated Salmon Protein Hydrolysate (USPH).
AEM: anion-exchange membrane, CEM: cation exchange membrane, UF membrane: ultrafiltration
membrane, P+: cationic peptides; P-: anionic peptides, P+/−: neutral peptides, ARC: anionic recovery
compartments, and CRC: cationic recovery compartments.

Cationic configuration—The first EDUF cell configuration, shown in Figure 4a, was for the
separation of cationic peptides. The UF membranes were placed in the cell according to their exclusion
limits starting from the anode side to allow the migration of cationic peptides on the basis of their size
and charge. The compartment containing a KCl solution circulating between the UF-50 kDa and UF-20
kDa was named the cationic recovery compartment 1 (CRC1). The cationic recovery compartment 2
(CRC2) was located between the UF-20 kDa and UF-5 kDa, and the cationic recovery compartment 3
(CRC3) between the UF-5 kDa and the CEM. The feed solution consisting of salmon protein hydrolysate
(SPH, 1.5 L, 0.7% w/v) was circulated in the compartment between the UF-50 kDa and the AEM.

Anionic configuration—In this second configuration (Figure 4b), the UF membranes were arranged
according to their MWCOs starting from the anode side to allow the migration of anionic peptides on
the basis of their size and charge. The compartment containing a KCl solution circulating between
the UF-50 kDa and UF-20 kDa membranes was called the “anionic recovery compartment 1” (ARC1),
anionic recovery compartment 2 (ARC2) was located between the UF-20 kDa and UF-5 kDa membranes
and finally the anionic recovery compartment 3 (ARC3) between the UF-5 kDa and AEM. The feed
solution (SPH) was circulated in the compartment between the UF-50 kDa and the CEM.
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3.1.2. Electroseparation Protocol

The EDUF separations were performed according to the previous study of Roblet et al. (2016) [30].
Briefly, the EDUF separations were performed in batches for both cell configurations using a constant
electrical field strength of 6 V/cm (corresponding to a current density varying between 0.005 and
0.008 A/cm2 during the treatment), for 6 h, at a controlled temperature (~16 ◦C) [34]. The SPH was
diluted with demineralized water to obtain a final protein concentration of 0.7% (w/v). Following the
results obtained by Roblet et al. [30], the pH of the SPH and recovery (KCl) solutions were adjusted
to pH 6 before each run with 0.1 N NaOH and/or 0.1 N HCl and maintained constant thereafter.
For each treatment, 5 mL of SPH and recovery solutions were collected every hour for further analysis.
The electrical conductivity of the feed solution and recovery solutions was maintained at a constant
level by adding KCl, following the recommendations of Suwal et al. (2015) [34]. Three replicates of
each condition were performed. Finally, a CIP (cleaning-in-place) was performed at the end of each
replicate according to the following process: 10 min with an acid solution (HCL 0.1 N), 20 min with a
basic solution (NaOH 0.1 N), and finally 10 min with an acid solution (HCL 0.1 N). Then, the system
was rinsed with distilled water until reaching a pH of 6.

3.2. Materials

3.2.1. Hydrolysate Preparation

Salmon protein hydrolysate (SPH) was produced according to the procedure described previously
by Jin, (2012) [40] and subsequently used by Chevrier et al. (2015) [6] and Roblet et al. (2016) [30]. Briefly,
salmon frames were offered by Cooke Aquaculture. They were thawed, mechanically deboned, and
homogenized in a 1.0 M NaOH solution. The proteins were isoelectrically precipitated at a pH of 4.5.
Then, the proteins were first hydrolyzed with pepsin, and then by a mix of trypsin/chymotrypsin. Once
hydrolysis was complete, the supernatant was filtered through a 5 μm pore size paper filter to remove
insoluble molecules. Finally, the filtrate was ultrafiltered using a Prep/Scale Tangential Flow Filtration
(TFF) 2.5 ft2 cartridge with a molecular weight cut-off of 1 kDa (Millipore Corporation, Bedford, MA,
USA). Permeates were collected, demineralized by conventional electrodialysis, and finally freeze-dried.

3.2.2. Chemicals

KCl was obtained from ACP Inc (Montreal, QC, Canada) and Na2SO4 from Laboratoire MAT
(Québec city, QC, Canada). Formic acid, 1.0 M HCl, and 1.0 M NaOH solutions were from Fisher
Scientific (Montreal, QC, Canada), trifluoroacetic acid was purchased from J.T. Baker (Phillipsburg,
NJ, USA). NaCl, Acetonitrile optima® liquid chromatography-mass spectrometry (LC/MS), and water
grade were from VWR international (Montréal, QC, Canada). Concerning the glucose uptake
experiments, the alpha-Minimal Essential Medium (α-MEM), Fetal Bovine Serum (FBS), and trypsin
(0,25% solution) were obtained from Invitrogen (Burlington, ON, Canada). The 2-déoxy-D-glucose
(non-radioactive), CaCl2, Hepes-Na, and MgSO4 were purchased from Sigma Aldrich (Oakville, ON,
Canada). D-2-deoxy-[3H] glucose was from Perkin Elmer (Woodbridge, ON, Canada) and Pierce® BCA
Protein Assay Kit BCA was from Pierce Biotechnology (Rockford, IL, USA). Insulin was from CHUL’s
pharmacy (Québec, QC, Canada). Also, the L6 skeletal muscle cells line, derived from neonatal rat
thigh skeletal muscle, were provided by Dr. A. Klip, Hospital for Sick Children (Toronto, ON, Canada).

3.2.3. Membranes

Three UF membranes made of polyether sulfone (PES) with molecular weight exclusion limits
or molecular weight cut-off (MWCO) of 50, 20, and 5k Da were purchased from Synder filtration
(Vacaville, CA, USA). Unlike in classical filtration processes where higher pressure is applied, previous
papers published on EDMF demonstrated that the MWCO of UF membranes should be about ten
times higher than the size of proteins or peptides to be successfully migrated due to steric hindrance
from the hydration layer [41]. Indeed, in an electro-ultrafiltration module, Bargeman et al. (2002)
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observed that the migration of αS2 casein f(183–207) was strongly reduced when a membrane with a
MWCO of 20 kDa (six-times higher than the molecular weight of the peptide) was used due to the
friction of peptides in the membrane pores [41]. This was also confirmed for EDUF by previous works
by our team on peptides and chitosan oligomers [42]. While food-grade Neosepta CMX-SB cationic
membranes and Neosepta AMX-SB anionic membranes were obtained from Tokuyama Soda Ltd.
(Tokyo, Japan).

3.3. Analyses

3.3.1. pH

The pH of all solutions was measured and kept constant throughout the experiments using a
pH-meter model SP20 (Thermo Orion, West Chester, PA, USA) equipped with a VWR Symphony
epoxy gel combination pH electrode (VWR, Montreal, QC, Canada).

3.3.2. Relative Energy Consumption of the EDUF Process

The energy consumption during the EDUF process was calculated using Equation (1):

EC =

∫ t=6h

t=0h
I ∗U dt (1)

where, EC is the energy (Wh), I the current intensity (A), and U the voltage (V). The relative energy
consumption during EDUF treatment was then calculated by dividing the total energy by total grams
of peptides obtained at the end of the treatment.

3.3.3. Peptide Concentration and Nitrogen Concentration Determination

To follow the peptide migration during the EDUF separation, the peptide concentrations in
all the solutions were determined using micro bicinchoninic acid (μBCA) protein assay reagents
(Pierce, Rockford, IL, USA) using bovine serum albumin (BSA) as the standard protein. The microplate
was incubated with a mix of 150 μL of the sample and 150 μL of the working reagent, at 37 ◦C for 2 h.
Then, the microplate was cooled to room temperature and the absorbance was read at 562 nm on a
microplate reader (Thermomax, Molecular devices, Sunnyvale, CA, USA).

Nitrogen concentrations were analysed in final lyophilized fractions using a LECO Model 601-500
FP528 apparatus (LECO corporation, St. Joseph, MI, USA). Samples of 0.150 g were analyzed in
duplicate. The protein content was determined using the protein factor of 6.25 (% Nitrogen × 6.25).
The instrument was previously calibrated with ethylenediaminetetraacetic acid (EDTA).

3.3.4. Final Peptide Migration Rates

Final migration rates of peptides (MR) in recovery compartments were calculated using
Equation (2):

MR =
F× L
t× S

(2)

where, F is the concentration at t time in g/mL, L is the volume of the final solution in mL, t is the
duration for reaching F concentration in one hour, and S is the total UF membrane area in m2.

3.3.5. Reverse Phase Ultra Performance Liquide Chromatography (RP-UPLC) and Tandem Mass
Spectrometry (MS/MS) Analyses

The RP-UPLC analyses were done according to the previous study from Durand et al. (2019) [43].
Briefly, a 1290 Infinity II UPLC (Agilent Technologies, Santa Clara, CA, USA) was used to separate
samples before entering the samples in the mass spectrometer. The EDUF fractions were diluted to
0.5 mg/mL, then filtered through 0.22 μm PVDF filters into a glass vial. Then, 5 μL of each sample
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were loaded onto an Acquity UPLC CSH 130Å, 1.7 μm C18 column (2.1 mm i.d.× 150mm, Waters
Corporation, Milford, MA, USA) at a flow rate of 400 μL/min and a temperature of 45 ◦C. A linear
gradient from 2% to 25% over 50 min and ramping to 90% over 57 min were used. The gradient
consisted of a solvent A, which was LC-MS grade water with 0.1% formic acid, and a solvent B,
which was LC-MS grade ACN with 0.1% formic acid. Each sample was run in triplicate for statistical
evaluation of technical reproducibility.

A hybrid ion mobility quadrupole TOF mass spectrometer (6560 high definition mass spectrometry
(IM-Q-TOF), Agilent, Santa Clara, USA) was used to identify the composition of each EDUF fraction.
All LC-MS/MS experiments were acquired using Q-TOF. Signals were recorded in positive mode at
Extended Dynamic Range, 2 GHz, 3200 m/z, with a scan range between 100 to 2000 m/z. Nitrogen was
used as the drying gas at 13.0 L/min and 150 ◦C, and as a nebulizer gas at 30 psig. The capillary voltage
was set at 3500 V, the nozzle voltage at 300 V, and the fragmentor at 400 V. Data analyses were done using
the Agilent Mass Hunter Software package (LC/MS Data Acquisition, Version B.07.00 and Qualitative
Analysis for IM-MS, Version B.07.00 with BioConfirm Software, Agilent, Santa Clara, CA, USA).
An additional search was done using the Spectrum Mill MS Proteomics Workbench Rev B.05.00.180.
The Salmo salar protein database [36] was used to search for and identify potential peptides.

3.3.6. Glucose Uptake Experiments

Glucose uptake experiments were conducted as previously described by Roblet et al. (2016) [30].
L6 skeletal muscle cells were grown in an α-minimum essential medium (α-MEM) containing 2%
(v/v) fetal bovine serum (FBS) in an atmosphere of 5% CO2 at 37 ◦C [44]. Cells were plated at
600,000 cells/plate in 24-well plates to obtain about 25,000 cells/mL. The cells were incubated for 7 days
to reach their complete differentiation to myotubes (7 days post-plating). L6 myotubes were deprived of
FBS for 3 h, with a α-MEM containing 0% of FBS. Then, the cells were incubated for 75 min, with 10 μL
of EDUF fractions at a concentration of 1 μg/mL and 1 ng/mL. Finally, insulin was added (10 μL at
1.10–5 M) for 45 min. Experiments were repeated nine times, and each repetition was run in triplicate.
After experimental treatments, cells were rinsed once with 37 ◦C HEPES-buffered solution (20 mM
HEPES, pH 7.4, 140 mM NaCl, 5 mM KCl, 2.5 mMMgSO4, and 1 mMCaCl2) and were subsequently
incubated in HEPES-buffered solution containing 10 μM2-deoxyglucose and 0.3 μCi/mL2-deoxy-[3H]
glucose for 8 min. Then, the cells were rinsed three times with 0.9% NaCl solution at 4 ◦C and
then frozen. The next day, the cells were disrupted by adding 500 μl of a 50 mM NaOH solution.
The radioactivity was determined by scintillation counting. Protein concentrations were determined
by the BCA method, and results of glucose uptake were expressed as relative value over the vehicle,
which was the control.

3.3.7. Statistical Analyses

Peptide concentration, relative abundance, membrane conductivity and thickness, and
glucose-transport array values between different peptide fractions were subjected to a one-way
analysis of variance (Anova) using SAS software version 9.1 (SAS institute Inc., Cary, NC, USA) with a
significant p values of 0.05 for acceptance. Duncan and Dunnett post-hoc tests were used.

The relative energy consumption was compared by student’s t-test (p < 0.05 as probability level
for acceptance).

4. Conclusions

The simultaneous separation of peptides by three UF membranes (50, 20, and 5 kDa MWCO)
stacked in an electrodialysis system allowed for the generation of specific cationic and anionic fractions
with different MW profiles and levels of glucose uptake response. As expected, significant decreases
were observed concerning the peptide concentrations in the recovery compartments in the order of
CFFC > CRC1 > CRC2 > CRC3 and AFFC >ARC1 >ARC2 >ARC3 for the cationic and anionic configurations,
respectively. Moreover, the peptide profiles in terms of MWs followed the same tendency as the peptide
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concentrations with HMWPs concentrated in the feed compartment while LMWPs were able to cross
the three UF membranes stacked in the electrodialysis and some reached the last compartment. For the
first time, a triple size-separation by EDUF allowed for the concentration, in one step, of bioactive
peptides in the CRC1 and inhibitor peptides in CCRC3. Coupling the EDMF-based separation of peptides
with bioassay-guided validation of their metabolic activity with LC-MS identification allowed for
the identification of eleven potential antidiabetic peptides from a complex salmon frame protein
hydrolysate containing more than 250 different peptides. Hence, a pre-separation by EDUF appears
to be a new powerful tool and key step for accelerating peptide identification. Nevertheless, further
mass spectrometry analysis is needed to identify and determine the distribution of each peptide in the
fractions and if the bioactivity is linked to one or more peptides in those fractions. These peptides were
recently synthesised and their bioactivity measurements during in-vitro tests, alone or in combination,
are currently under way to confirm the anti-diabetic activity of these peptides.
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Abstract: The drying of acid whey is hindered by its high mineral and organic acid contents, and
their removal is performed industrially through expensive and environmentally impacting serial
processes. Previous works demonstrated the ability to remove these elements by electrodialysis alone
but with a major concern—membrane scaling. In this study, two conditions of pulsed electric field
(PEF) were tested and compared to conventional DC current condition to evaluate the potential of
PEF to mitigate membrane scaling and to affect lactic acid and salt removals. The application of
a PEF 25 s/25 s pulse/pause combination at an initial under-limiting current density allowed for
decreasing the amount of scaling, the final system electrical resistance by 32%, and the relative energy
consumption up to 33%. The use of pulsed current also enabled better lactic acid removal than the
DC condition by 10% and 16% for PEF 50 s/10 s and 25 s/25 s, respectively. These results would be
due to two mechanisms: (1) the mitigation of concentration polarization phenomenon and (2) the
rinsing of the membranes during the pause periods. To the best of our knowledge, this was the first
time that PEF current conditions were used on acid whey to both demineralize and deacidify it.

Keywords: acid whey; electrodialysis; pulsed electric field; demineralization; scaling; lactic
acid removal

1. Introduction

Acid whey is the principal co-product of a wide variety of dairy products, such as fresh
cheese, caseinate, and Greek yogurt. Its production is increasing every year to answer the actual
popularity rise of aforementioned products, and its valorization represents a great deal for dairy
industries [1,2]. However, most acid whey applications need a preemptive drying for volume,
transport, and preservation enhancement, but acid whey processing is hindered by its high hygroscopic
character resulting in major operational problems during its drying. Saffari & Langrish in 2014 and
Chandrapala & Vasiljevic in 2017 explained the inability to produce good quality dried powders
from acid whey as being due to its high lactic acid and mineral contents. Both lactic acid and
mineral contents are responsible for a decrease in glass transition temperature and, consequently, to
lower crystallization yields [3,4]. To allow acid whey subsequent valorization, the dairy industry
used several processes, such as combinations of electrodialysis (ED), ion-exchange resins, and
nanofiltration [5,6] to remove salts and lactic acid. Nevertheless, the cost and environmental impact
of the above-mentioned processes are tremendous and mostly attributed to the use of ion-exchange
resin [7]. Hence, in the recent years, a number of studies were published regarding acid whey

Int. J. Mol. Sci. 2019, 20, 797; doi:10.3390/ijms20040797 www.mdpi.com/journal/ijms237



Int. J. Mol. Sci. 2019, 20, 797

processing by optimizing either nanofiltration [8,9] or ED processes [10,11], trying to provide better
cost-effective and eco-efficient alternatives. So far, ED processes allowed for reaching suitable
deacidification (44%) and demineralization (67%) rates that have been reported as sufficient for
the acid whey to be spray-dried while obtaining powders of acceptable quality [9]. However, whatever
the configuration or parameters used, these ED processes were subject to major scaling (mineral
fouling) on membrane surfaces [11], making the transposition of ED alone, or without pretreatments,
impossible at an industrial scale.

Membrane fouling and scaling during ED have been studied by several authors, and the major
scaling agents reported and found in acid whey were calcium and magnesium [12–14]. To mitigate or even
sometimes completely suppress scaling consisting of these minerals, a particularly effective method
was recently reported in the literature: the use of pulsed electric fields (PEF). Cifuentes et al. (2011),
Mikhaylin et al. (2014), and Andreeva et al. (2018) successfully demonstrated the favorable impact of
using PEF on scaling mitigation during ED of model salt solutions [15–17]. Moreover, the application of
PEF during ED was also reported to enhance ion migration thanks to a mitigation of the concentration
polarization phenomenon [18–20]. In all previous studies of ED under PEF, demineralization efficiency
and membrane scaling were the main issues. However, deacidification of real acid food solutions in
conventional ED under PEF has never been reported in the literature.

In this context, the goal of the present study is to demonstrate the efficiency of applying PEF
during ED for simultaneous deacidification and demineralization of acid whey. The specific objectives
were, therefore, (1) to evaluate the impact of PEF on the deacidification and demineralization rates
of acid whey, (2) to test the effect of different pulse/pause combinations on demineralization and
deacidification rates, and (3) to ascertain the potential effect of PEF on membrane scaling mitigation.

2. Results and Discussion

2.1. Whey and Recovery Solutions Analysis

2.1.1. Lactate Migration

Regarding lactate migration, the application of the two pulse/pause combinations had a
significant impact, in comparison with the DC current control condition, on the deacidification rates
obtained (P < 0.01). Indeed, in the DC current condition, the lactate concentration decreased in the
AWComp from 7.22 ± 0.14 g/L to 4.53 ± 0.19 g/L (P < 0.001), corresponding to a 37.2% ± 1.7%
deacidification rate (Figure 1). In parallel, the corresponding acidification rate observed in the
OAComp, with a recovery of 2.80 ± 0.10 g/L of lactate, was 38.8% ± 1.5% of the initial lactate
concentration. For the PEF 50 s/10 s condition, the lactate concentration in the AWComp dropped
from 7.07 ± 0.02 g/L to 4.13 ± 0.01 g/L (P < 0.001), corresponding to a deacidification rate of
41.6% ± 0.1%. In the OAComp, the final lactate concentration reached 3.01 ± 0.07 g/L which
represented 42.6% ± 1.0% of the initial lactate concentration. Finally, for the PEF 25 s/25 s condition,
lactate concentration in the AWComp decreased from 7.09 ± 0.08 g/L to 3.94 ± 0.11 g/L (P < 0.001)
corresponding to a deacidification rate of 44.4% ± 1.1%. In parallel, the final lactate concentration in
the OAComp reached 3.30 ± 0.07 g/L and an acidification rate of 46.6% ± 1.5% of the initial lactate
concentration. The final deacidification rates obtained were in direct correlation with the final lactate
concentration in the OAComp: DC current < PEF 50 s/10 s < PEF 25 s/25 s.

As expected, lactate migrated through the AEMs from the AWComp to the OAComp during the
three effective hours of current application, equivalent to a number of charges transported of 10800 C.
For all conditions, the lactate recovery was similar to the deacidification observed, meaning no lactate
was trapped or involved in any fouling and/or scaling reaction [11]. The application of PEF was
demonstrated to be efficient for the improvement of the deacidification rates: the 50 s/10 s pulse/pause
condition allowed an increase of 10%, while the 25 s/25 s condition allowed an improvement of 16%.
The effect of PEF on the migration rates has already been demonstrated on salt solutions by several
authors [15,17–19] but, in the present study, it was demonstrated for the first time on lactate in acid
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whey. According to these authors, PEF has a favorable impact on the reduction of concentration
polarization at the membrane vicinity and, thus, on the reduction of water splitting phenomenon.
Indeed, by applying pulsed current, the pause lapses allow the ion’s concentrations at the membrane’s
boundary layers to return to a value close to the bulk solution concentration. By doing so, when the
current is applied again, the migration efficiency can momentarily exceed the maximum imposed by the
limiting current density, thanks to a lower ohmic resistance and a better ion availability [20]. The higher
migration rate obtained for the PEF 25 s/25 s condition confirmed the results reported previously by
Cifuentes-Araya et al. (2011) [15] for the ratio r = 1 (10 s/10 s) on salt solutions. Pelletier et al. (2015) [21]
also obtained their best deacidification conditions for pulse/pause combinations of ratio r = 1 (1 s/1 s
and 2 s/2 s) on cranberry juice. Their experiments resulted in a 12 to 19% improvement of their
migration rates in PEF modes in comparison to DC one, depending on the organic acid anion, for a
longer run (4 effective hours) but at lower current density than in the present study.

Figure 1. Evolution of lactic acid (in ppm) in the AWComp (black points) and OAComp (white points)
for the DC (dots), pulsed electric field (PEF) 50 s/10 s (rhombuses), and PEF 25 s/25 s (inverted
triangles) current conditions.

2.1.2. Protein Content

Before and after ED, the total protein content was determined to evaluate whether whey proteins
were transferred or lost during the process. The results are shown in Table 1, and allowed us to
conclude that the whole protein content was preserved.

Table 1. Total protein content in whey in g/L, before and after electrodialysis.

Time DC PEF 50 s/10 s PEF 25 s/25 s

Before ED 9.70 ± 2.22a 7.56 ± 2.00a 7.35 ± 1.02a
After ED 7.67 ± 0.84a 6.35 ± 1.72a 6.84 ± 1.58a

Column marked with the same letter indicate no significant difference between the values (P > 0.05).

2.1.3. pH

The pH of whey, in the AWComp, significantly decreased for all conditions after the three effective
hours of current application, or number of charges transported of 10800 C (P < 0.01). As shown in
Figure 2a, the pH decreased from an averaged initial value of 4.58 ± 0.03 to final values of 4.03 ± 0.02
for DC current, 4.14 ± 0.08 for PEF 50 s/10 s, and 4.23 ± 0.01 for PEF 25 s/25 s. Due to higher variability
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during PEF 50 s/10 s condition, no significant difference was observed between this condition and both
other (P = 0.74 and P = 0.11 with DC, and PEF 25 s/25 s current conditions, respectively). However,
the pH variation between the beginning and the end of the treatment for DC and PEF 25 s/25 s current
conditions was significantly different (P = 0.04). For all three conditions, the pH evolution in the
AWComp presents similar profiles. They all present one inflection point at around 7200 C for the DC
and PEF 50 s/10 s current conditions, and at around 6600 C for PEF 25 s/25 s. From the initial pH
value, the application of either DC, PEF 50 s/10 s, or PEF 25 s/25 s current resulted, at the end of
the process, in a pH decrease of 11%, 9%, and 7%, respectively. Regarding OAComp (Figure 2b), the
pH evolution had a similar trend during the treatment for all conditions: an initial decrease to reach
a minimum value followed by a subsequent increase (P < 0.05). However, the subsequent increase
appeared at a different number of charges transported depending on the current condition. For the DC
current condition, pH decreased from 6.84 ± 0.11 to a minimum of 5.86 ± 0.15 at 4200 C, and then
increased to reach a final pH of 6.55 ± 0.34. For PEF 50 s/10 s and 25 s/25 s the pH reached respective
minima of 5.82 ± 0.12 at 5400 C and 5.68 ± 0.03 at 6600 C, and then rose, to final respective pH values
of 6.30 ± 0.15 and 5.95 ± 0.02 (Figure 2b). As for the pH evolution in AWComp, the values of the
final pH in OAComp were statistically similar between the PEF 50 s/10 s and the two others current
conditions (P = 0.39 and P = 0.18 with DC and PEF 25 s/25 s current conditions, respectively) while the
PEF 25 s/25 s and DC current conditions were significantly different (P = 0.03).

pH decreases in the AWComp during acid whey deacidification were reported, in previous
studies in DC current conditions [10,11], to be caused by the dissociation of lactic acid following lactate
migration, and by protons generated from water splitting phenomenon appearing mainly, after a
certain time, on the AEM diluate side, as observed by other authors on model salt solutions [22,23].
However, the results of the current study demonstrate that the application of an adjusted PEF ratio
was efficient in the reduction of such pH variations. As already mentioned, PEF has been reported
to have a favorable impact on the reduction of the water splitting phenomenon during salt solution
electrodialysis. This effect is described by Sistat et al. (2015) [20] and Malek et al. (2013) [19] as the
restoration of the ionic concentrations at the membrane boundary layers during the pause periods,
hence limiting the concentration polarization. The higher final pH value in AWComp for the PEF
25 s/25 s current condition (Figure 2a), in comparison to the DC one, was probably caused by the
lower production of protons in the whey through the diminution of water splitting phenomenon at
the AEM’s interface, in contact with the acid whey. Regarding OAComp (Figure 2b), the evolution
of pH has been described in a previous study [11] for the DC current condition. The initial pH
decrease in all conditions was likely caused by the migration of protons from the AWComp through
the CEMs, followed by other slower anions, such as phosphates or organic acids, increasing the buffer
capacity of the solution, hence, the pH stabilization after 4200 C. After 7200 C, the pH rose again
due to the aforementioned water splitting phenomenon occurring after further demineralization of
the AWComp. However, regarding the results of the PEF 25 s/25 s current condition, the decreasing
phase lasted longer and remained constant while increasing at a drastically slower pace than in the DC
current condition. This is further proof of the favorable impact of applying PEF on the water splitting
phenomenon reduction.
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Figure 2. pH evolution for DC (dots), PEF 50 s/10 s (rhombuses), and PEF 25 s/25 s (inverted triangles)
current conditions in (a) AWComp and (b) OAComp.

2.1.4. Conductivity

In the AWComp solution, the conductivity decreased significantly during the 3-hour effective
treatment for all three conditions (P < 0.003). It dropped from an averaged initial value
of 7.09 ± 0.35 mS/cm to final values of 2.62 ± 0.06 mS/cm for the DC current condition,
2.49 ± 0.08 mS/cm for PEF 50 s/10 s, and 2.30 ± 0.03 mS/cm for PEF 25 s/25 s (Figure 3a).
The demineralization rate of the DC current and PEF 50 s/10 s current conditions were very similar:
64.0% ± 2.5% and 64.2% ± 3.0% respectively (P = 0.09), while the PEF 25 s/25 s condition showed a
statistically higher demineralization rate of 67.1% ± 0.7% (P < 0.02 with both DC and PEF 50 s/10 s
current conditions). Regarding OAComp, the conductivity also increased in a similar way regardless of
the current condition applied, from an initial averaged value of 7.81 ± 0.09 to 13.12 ± 0.15, 13.19 ± 0.23,
and 13.56 ± 0.28 mS/cm for the DC, PEF 50 s/10 s, and PEF 25 s/25 s current conditions respectively
(p < 0.001) (Figure 3b). Here, again, there was no significant difference between the DC and PEF
50 s/10 s current conditions (P = 0.92) with mineralization rates of 40.5% ± 0.3% and 40.6% ± 0.9%
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respectively, but the PEF 25 s/25 s current condition showed a better rate of 42.7% ± 0.1% (P < 0.02
and P < 0.03 with DC and PEF 50 s/10 s current conditions respectively).

The AWComp demineralization and OAComp mineralization were directly correlated to the ions’
migration from AWComp to OAComp through the membranes. The better demineralization/mineralization
rates for PEF 25 s/25 s current condition confirmed the previous results on lactate migration and the
hypothesis of migration enhancement thanks to an appropriate PEF condition. However, as reported
by Lin Teng Shee et al. (2008) [24] regarding solution demineralization using bipolar membranes,
the H+ and OH− produced during the process contribute more to the conductivity than other ions.
Water splitting phenomenon occurring during the experiments in our study, producing such ions,
might thus have impacted the conductivity measurements and not reflect the real migration of mineral
ions by overestimating the final mineral concentration.

Figure 3. Conductivity evolution for DC (dots), PEF 50 s/10 s (rhombuses) and PEF 25 s/25 s (inverted
triangles) current conditions in (a) AWComp and (b) OAComp.

2.2. Global System Resistance and Relative Energy Consumption

The global system resistance was significantly affected by the application of PEF. It increased from
an initial value of 10.0 ± 0.4 Ω to values of 42.0 ± 6.7 Ω (increase of 4.2-folds), 36.0 ± 6.5 Ω (3.6-times
increase), and 28.6 ± 0.2 Ω (2.8-folds increase) for the application of DC current, PEF 50 s/10 s, and PEF
25 s/25 s, respectively (Figure 4). Due to high values of standard deviation for DC and PEF 50 s/10 s
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current conditions, no significant difference was observed between them (P = 0.31). However, the PEF
25 s/25 s current condition showed a significantly lower resistance value in comparison with the DC
current condition (P = 0.024). Moreover, depending on the applied current condition, the increase in
global resistance appeared at a different number of charges during the process, with PEF conditions
delaying the appearance of the resistance increase: around 6000 C for the DC current condition, 6600 C
for the PEF 50 s/10 s condition, and 7200 C for the PEF 25 s/25 s condition. Regarding relative
energy consumption, only power supply consumption was taken into account as the pumps’ energy
consumption represents a negligible part of the global consumption, even if the process time is doubled.
The DC current condition consumed 9.33 ± 1.38 Wh/g of lactic acid recovered, while the PEF 50 s/10 s
and PEF 25 s/25 s consumed 7.88 ± 0.64 and 6.21 ± 0.30 Wh/g of lactic acid recovered, respectively:
this corresponds to a 33% less relative energy consumption for the 25 s/25 s condition. Here, again,
only the PEF 25 s/25 s was significantly different from the DC current condition (P = 0.03).

These different values in number of charges transported, where the global resistance increased
during the process, can be related to the inflection points previously observed for the pH, and
would correspond to the formation of a significant scaling/fouling on the membranes [11], resulting
in further water dissociation. In the present study, the application of PEF would have slowed
down the appearance of scaling/fouling and, consequently, of water splitting, as demonstrated
by Cifuentes-Araya (2013) [25] and Andreeva et al. (2018) [16] in studies on the same model salt
solutions enriched with scale-forming ions (Ca2+, Mg2+, . . . ). Such a delay in scaling formation
allowed, consequently, a decrease in the final global system resistance of 32% for PEF 25 s/25 s
condition in comparison with DC current but, also, a significant saving in relative energy consumption
of around 33%.

Figure 4. Global system resistance evolution for DC (dots), PEF 50 s/10 s (rhombuses), and PEF
25 s/25 s (inverted triangles) current conditions.

2.3. Membrane Analysis

2.3.1. Membrane Photographs

To evaluate whether there is formation of scaling/fouling on membranes, after each ED run and
after rinsing the cell during 5 min with water, the stack was dismantled, and photographs of each
membrane were taken (Figure 5). For all three current conditions, the AWComp side of the AEMs
were all free of any visible fouling or scaling. However, on the OAComp side of the AEMs, a white
plaster-like scaling was visible for the three conditions, with decreasing quantity from DC to PEF
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50 s/10 s and then to PEF 25 s/25 s current conditions. Regarding the CEMs, no scaling or fouling was
observed on both sides of the membranes, as previously reported [11].

As in the previous study by Dufton et al. [11], the scaling on the AEMs affected the pH variations,
and the global system resistance increased during the process. The mitigation of this scaling by
application of PEF was visible through the apparent reduction of scaling for the PEF current conditions:
the scaling was more important after DC current application, slightly decreased by 50 s/10 s PEF
application, and drastically decreased after the treatment with PEF 25 s/25 s.

 

Pristine membrane

AE
M

CACAC DC CACAC PEF 50/10 CACAC PEF 25/25

Figure 5. Entire anion-exchange membranes’ (AEMs’) anode sides (10 cm2) photographs before and
after ED for all three current conditions. AEM comprised of A1 and A2 with no visible differences.

2.3.2. Membrane Thickness and Conductivity

For all conditions, there was no significant difference between treatments for the AEM conductivity.
However, the CEMs were similarly affected for all conditions in comparison to the pristine membranes:
a decrease in conductivity of around 10% was observed for C1 (P < 0.02), while a 30% decrease was
visible on the C2 and C3 membranes (P < 0.006). Regarding membrane thickness, as shown in Figure 6,
the CEMs remained similar before and after ED treatment for all three current conditions (P = 0.119).
The measurements on the AEMs had high variability caused by the irregular scaling on their surfaces,
and no statistical difference was observed between the different conditions, but a clear tendency can be
seen on the thickness means. The PEF 25 s/25 s AEM’s thickness after ED treatment is the one closest
to the pristine membrane value.

Membrane conductivity followed the same pattern as in the previous study with DC current [11],
regardless of the current condition. The decrease in conductivity for the CEMs would be due to the
presence in the membrane of counterions having lower electrophoretic mobilities compared to initial
Na+ counterions. Indeed, calcium and magnesium ions present in the acid whey and migrating through
the CEM have lower electrophoretic mobilities (Ca2+: 1.07 × 109 cm2/V·s, Mg2+: 0.91 × 109 cm2/V·s)
in comparison to sodium ions present in the pristine CEM (Na: 4.39 × 109 cm2/V·s) [26]. Despite the
visible deposit on the AEMs, no impact was observed on conductivity, which means no significant
damage was done to the membrane integrity. Regarding membrane thickness, the values for the CEMs
showed that, regardless of the current condition, the ED treatment had no effect on the membranes.
On the other hand, the thickness measurements for the AEMs illustrate, distinctly, the favorable effect
of the application of pulsed electric field and especially of an optimized pulse/pause combination on
deposit reduction.
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Figure 6. Membrane thickness measurements for all membranes of the ED configuration, before and
after treatment, for the three different current conditions. The arrows show the thickness decreasing
tendency depending on the applied current condition.

2.4. Scaling Characterization

2.4.1. Mineral Content

The mineral composition of IEMs provided information concerning the deposit nature.
All membranes were similar in content for potassium (0.05 ± 0.01 and 0.01 ± 0.00 g/100 g of CEM
and AEM, respectively), sodium (4.72 ± 0.23 and 0.04 ± 0.01 g/100 g of CEM and AEM, respectively)
and magnesium (0.02 ± 0.00 and 0.00 ± 0.00 g/100 g of CEM and AEM, respectively) for the three
different current conditions. Nevertheless, the CEMs’ calcium amount after ED treatment increased
around 5-fold in comparison with a pristine membrane (Figure 7a) (P < 0.001), and the application
of PEF had no significant impact on this concentration (P > 0.16). However, the trend suggests that
calcium concentration in the CEM was increased by PEF application. Regarding the AEMs, as shown
in Figure 7b, calcium content increased significantly about 6-fold for the DC and PEF 50 s/10 s current
conditions (P = 0.013) while remaining close to the initial value for the PEF 25 s/25 s current condition
(P = 0.99). There were also differences in phosphorus content in the AEMs before and after processing
treatment: it increased about 26 times for the PEF 25 s/25 s current condition while increasing 40-fold
for the DC and PEF 50 s/10 s current conditions, in comparison with the pristine membrane (P < 0.01).

Once again, as already mentioned, the presence of calcium in the CEMs would be due to the
residual ions inside the membrane’s nanochannels due to the late and slow migration of calcium
during the process [26]. Regarding the AEMs, as reported in the previous study [11], the scaling
observed on their surface seems to be mainly composed of calcium phosphate. Indeed, its precipitation
reaction is triggered by alkaline conditions and implied, therefore, the occurrence of water splitting to
locally obtain alkaline conditions on the AEM’s surface [27,28]. However, as shown in Figure 7b, the
application of PEF with a pulse/pause combination of 25 s/25 s allows for significant reduction of the
scaling amount. This effect was reported by other authors on saline solutions [15–17] but this is the
first time that the application of an adjusted PEF is demonstrated to be efficient on scaling reduction
during acid whey ED.
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Figure 7. Calcium content of cation-exchange membranes (CEMs) (a) and calcium and phosphorus
content of AEMs (b) for all three current conditions, in comparison with a pristine membrane. Different
letters on histograms for each element means that there is a statistical difference between their values
(P < 0.05).

2.4.2. Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), and X-ray
Diffraction (XRD) Analyses

The CEMs’ observation by SEM showed an absence of deposit for all current conditions and
membrane’s sides, with pictures similar to the pristine membrane. XRD analysis did not reveal any
form of crystalline precipitate (Supplementary Data A) but very low amounts of calcium, similar for
all conditions of current applied, which were visible in the elemental analysis by EDS. Regarding
the AEM photographs obtained by SEM, the membranes’ AWComp side appearances were similar
to the pristine membrane for all current conditions, while the membranes’ OAComp side from the
DC current condition showed massive deposits (Figure 8a). This scaling can also be observed, to a
lesser extent, on the AEMs’ OAComp side for the PEF 50 s/10 s condition, but is absent from the
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membranes from the PEF 25 s/25 s condition. The analysis of these membranes by XRD did not
reveal any crystalline deposit, but the EDS showed high concentrations of calcium and phosphorus on
the OAComp’ side for the DC current condition membranes and were relatively lower for the PEF
50 s/10 s current condition (Figure 8b).

Just as reported in the previous study [11], the CEMs were free from any form of fouling or
scaling, and the traces of calcium observed were most likely due to the presence of free ions migrating
into the membrane nanochannels. As for the AEMs, the major scaling visible on the DC current
condition membranes’ OAComp side is similar to the one described in a previous study [11] and is
known as an amorphous form of calcium phosphate (ACP: CaxHy[PO4]z nH2O, n = 3–4.5; 15%–20%
H2O) [27,29]. Regarding the PEF 50 s/10 s current condition, the AEMs’ OAComp side was also subject
to similar scaling but at a relatively lower level (around 3 times), while the PEF 25 s/25 s current
condition AEMs were completely free of apparent scaling. It was necessary to moderate these SEM
observations since the scaling for PEF 25 s/25 s current condition was extremely uneven (Figure 5)
and already in lesser quantity than other conditions. Furthermore, between SEM observation and
stack dismantling, the membranes went through several manipulations (thickness and conductivity
measurements, drying, SEM coating) where the weakly-bonded scaling potentially detached from the
membrane, explaining the visible difference between SEM and macroscopic photographs taken just
after ED treatment. However, the observations correlate with the above-mentioned results and the
drastic decrease in membrane scaling, which can be attributed to the application of an appropriate
combination of PEF.

 

Figure 8. Scanning electron microscopy images with magnifications of 50× and 750× (a) and energy
dispersive X-ray spectroscopy (b) of AEM sides for DC, PEF 50 s/10 s, and PEF 25 s/25 s current
conditions compared to pristine membranes.

3. Materials and Methods

3.1. Whey

The raw acid whey samples were obtained from Parmalat-Canada (Victoriaville, QC, Canada)
processing plant by refrigerated transport at 4 ◦C, and then stored at −30 ◦C. For each run, 2 L of whey
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were thawed by free convection at 4 ◦C prior to experiments. Table 2 describes the whey composition
in comparison to the one reported in literature and from our previous study.

Table 2. Raw acid whey composition and physicochemical characteristics.

Composition Unit Acid Whey
Acid Whey from
First Study [11]

Values Reported in the
Literature [3,9,10,30]

Total solids g/L 57.2 ± 1.5 59.8 ± 4.2 50.0–70.0
Total protein g/L 7.5 ± 1.1 6.5 ± 0.7 4.2–10.0

Lactose g/L 34.9 ± 1.0 41.2 ± 0.9 38–49
Minerals g/L 6.9 ± 0.1 5.1 ± 1.1 4.7–7.0

P g/L 0.76 ± 0.02 0.55 ± 0.01 0.44–0.90
Ca g/L 1.08 ± 0.02 0.86 ± 0.02 0.43–1.60
K g/L 1.65 ± 0.03 1.26 ± 0.05 1.28–1.82

Mg g/L 0.10 ± 0.00 0.09 ± 0.00 0.09–0.19
Na g/L 0.53 ± 0.02 0.39 ± 0.03 0.40–0.61

Lactate g/L 7.12 ± 0.11 7.00 ± 0.14 5.18–8.00
Ratio Lactate/Lactose No unit 0.20 0.17 0.12–0.15

pH No unit 4.6 4.4 4.0–4.6
Conductivity mS/cm2 7.09 ± 0.35 7.05 ± 0.24 8.27 ± 0.42

3.2. Electrodialytic Configuration

Electrodialysis experiments were performed using an MP type cell (Multi-Purpose cell from
ElectroCell AB, Täby, Sweden) with an effective surface area of 100 cm2. The configuration used
(Figure 9) was selected due to its common use in the dairy industry and in recent studies on acid whey
deacidification [10,11]. Two deacidification units were set up as to follow the previous studies, and the
anode was a dimensionally stable electrode (DSA-O2) while the cathode was a stainless steel electrode.
The potential difference was generated by a power supply (Model HPD 30-10, Xantrex, Burnaby, BC,
Canada), the solutions circulated using centrifugal pumps (Baldor Electric Co., Fort Smith, AR, USA),
and the flow rates controlled by flowmeters (Aalborg Instruments and Controls, Inc., Orangeburg,
SC, USA).

C1 A1 C2 C3A2

NaCl 5,5 g/L Raw acid whey

Na2SO4 20 g/L

X+,H+

Na+

AWComp :
Deacidified whey

OAComp : 
Organic acid 
recovery

Anode (+) Cathode (-)

Cl-

X+,H+

Cl-

Lact-, Y-

Na+
X+,H+

Lact-, Y-

Figure 9. Electrodialysis (ED) configuration (CACAC, letters corresponding to the membrane’s
stacking) used for acid whey deacidification. C refers to cation-exchange membrane and A to
anion-exchange membrane. X+ and Y− respectively refer to positively and negatively charged ionic
species present in the whey (modified from Dufton et al. 2018 [11]).

The configuration consisted of stacking five commercial food grade cation- and anion-exchange
membranes (respectively CEM and AEM). Diluate (acid whey compartment: AWComp) and
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concentrate (organic acid recovery compartment: OAComp) solutions were circulated between the
membranes defining three closed loops. The solutions used were a 20 g/L Na2SO4 electrolyte solution
(volume of 2 L, flow rate of 4 L/min), a 5.5 g/L NaCl aqueous concentrate solution (2 L, 4 L/min), and
acid whey (2 L, 4 L/min). To ensure a continuous recirculation, external tanks containing the solutions
were connected to each closed loop. The closest cation-exchange membrane (CEM) to the cathode (C3,
see Figure 9) was added in order to avoid any anion migration in the electrolyte solution compartment,
specifically lactate.

3.3. Protocol

In order to apply a similar driving force as in previous studies, a constant current density of
100 A/m2 was applied. This current density was selected as 80% of the limiting current density after
its determination according to Cowan & Brown method [31]. In addition to the experiments conducted
in DC current as control, two different pulse/pause combinations were tested: 25 s/25 s (ratio pulse
duration/pause duration r = 1) and 50 s/10 s (r = 5) using a PulsewaveTM 760 Switcher (Bio-Rad
Laboratories, Richmond, CA, USA). These pulse/pause combinations were chosen with relatively
long periods and high ratios, in order to allow the solution flow to rinse the membrane’s surfaces
and remove the already-formed scaling, since it has been found to be plaster-like, crumbly, and easily
removable by hand [11]. Such long period combinations were found to be efficient for scaling or
fouling mitigation in several studies [15,16]. All experiments were conducted with different durations,
according to the pulse/pause combination, or not, to correspond to an effective treatment of three
hours, or to a number of charges transported of 10800 C: 3, 3.5, and 6 h for DC, 50 s/10 s and 25 s/25 s
current conditions respectively. The solution tanks were kept at room temperature around 20 ◦C, and
three replicates were performed for each current condition. At the end of each run, before dismantling
the cell, the whole system (tanks, tubing, and ED cell) was rinsed for 5 min with water to remove all
superficial or non-adsorbed scaling.

The raw acid whey composition was analyzed in terms of minerals, protein, lactic acid, and
lactose contents before and after ED. During the ED process, the electrical conductivity and pH values
were recorded every 10 minutes for each solution as well as the applied voltage. Samples were taken
in both OAComp and AWComp at 0, 1800, 3600, 7200, and 10800 C (corresponding to 0, 30, 60, 120
and 180 min in DC current) for organic acid concentration determination by high-performance liquid
chromatography (HPLC). Membrane thickness and electrical conductivity were measured before and
after each run to ascertain membrane scaling, and the membranes were dried and kept for mineral
analyses and microscopy observation.

3.4. Analyses

All analyses were performed on at least three technical samples.
Total solids and ash contents. According to the AOAC methods 990.20 and 945.46, raw acid

whey samples were weighed before drying for one hour on a heating plate (Corning PC-420 Hot Plate
Stirrer, NY, USA). The dried samples were then weighted again for total solid content determination,
and further ashed in a furnace at 550 ◦C overnight until they turned white. The samples were weighed
after cooling, and the ash content was determined as follows (m refers to the measured weights):

ash, % =
100 × (mcrucible+ashes − mcrucible)

mcrucible+sample − mcrucible
. (1)

Mineral composition. Calcium, potassium, magnesium, sodium, and phosphorus concentrations
were determined by optical emission spectrometry with inductively coupled plasma as atomization
and excitation source (ICP-OES Agilent 5110 SVDV Agilent Technologies, Victoria, Australia), using
the following wavelengths (in nm): 393.366, 396.847, 422.673 (Ca); 766.491 (K); 279.553, 280.270, 285.213
(Mg); 588.995, 589.592 (Na); 177.434, 178.222, 213.618, 214.914 (P). The analyses for all ions were carried
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out in axial and/or radial view, directly on acid whey samples diluted 20 times. Samples of 10 mL
were diluted 1:5 in distilled water and used for ion determination.

Organic acid contents. Organic acid concentrations were determined by high-performance liquid
chromatography (HPLC) using a chromatograph from Waters (Waters Corp., Milford, MA, USA),
equipped with a Hitachi (Foster City, CA, USA) differential refractometer detector L-7490. An ICSep
ICE-ION-300 column (Transgenomic, Omaha, NE, USA) was used with 8.5 mM of H2SO4 (180 μL
H2SO4/L) as the mobile phase and at a flow rate of 0.4 mL/min. The column temperature was kept
constant at 40 ◦C. Samples were centrifuged for five minutes at 5000 rpm (Allegra™ 25R Centrifuge,
Beckman Coulter, Brea, CA, USA) and filtered (0.22 μm nylon; CHROMSPEC Syringe Filter, Brockville,
ON, Canada) before injection (15 μL). A mixture of lactose anhydrous (PHR1025), citric acid (251275),
DL-lactic acid (L1750) and acetic acid (338826) (from Sigma-Aldrich, St. Louis, MO, USA) was used as
an external standard to perform the quantification in mg/L.

Total protein content. Total protein content was determined by the measurement of the total
nitrogen concentration. This was conducted according to the Dumas combustion method using a
TRUSPEC LECO FP-528 (LECO, St. Joseph, MI, USA) calibrated with EDTA. The raw acid whey was
analyzed in triplicate before and after ED. A conversion factor of 6.38, proposed by Hammarsten and
Sebelien in 1892, was used to determine the protein content.

pH. The pH of acid whey (AWComp) and organic acid recovery (OAComp) solutions were
measured using a pH-meter model SP20 (VWR Symphony, Thermo Orion West Chester, PA, USA).

Conductivity. A YSI conductivity meter (Model 3100, Yellow Springs Instrument, Yellow Springs,
OH, USA) equipped with an immersion probe (Model 3252, cell constant K = 1 /cm) was used for
measuring values in acid whey (AWComp) and organic acid recovery (OAComp) solutions.

Global system resistance. The global system resistance (R, in Ω) was calculated according to
Ohm’s law (R = U/I). The voltage (U, in V) and current intensity (I, in A) values were directly obtained
from the power supply.

Relative energy consumption (REC).

REC =

∫ t = end
t = 0

U × I
3600 dt

mlact.acid
, (2)

where REC is the relative energy consumption (in Wh/g of lactic acid recovered), U the voltage applied
(in V), I the applied current (in A), and mlact. acid the total mass of lactic acid recovered at the end of
treatment in the OAComp (in g). The time taken into account here for the PEF conditions will be the
effective time during the pulse periods.

Membrane electrical conductivity. Membrane conductance (Gm) was measured using a
conductivity clip (Laboratoire des Matériaux Échangeurs d′Ions, Créteil, France) with a 1 cm distance
between the electrodes and the conductivity meter (Model 35, Yellow Springs Instrument Co.,
Yellow Springs, OH, USA). Membrane electrical resistance was calculated using the same method as
Lteif et al. (1999) [32] and Lebrun et al. (2003) [33]:

Rm =
1

Gm
=

1
Gm+s

− 1
Gs

= Rm+s − Rs, (3)

where Rm is the transverse electric resistance of the membrane (Ω), Gm is the membrane conductance
(S), Gm+s is the conductance of the membrane and the solution measured together (S), Gs is the solution
conductance (S), Rm+s is the resistance of both membrane and solution measured together (Ω), and
Rs is the solution resistance (Ω). The membrane electrical conductivity was then calculated using the
following relation [32]:

K =
L

Rm × A
(4)
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where K is the membrane conductivity (mS/cm), L is the membrane thickness (cm), Rm the transversal
resistance of the membrane (Ω), and A the electrode surface (1 cm2).

Membrane mineral composition. The same elemental concentrations as for the liquid solutions
were measured for the membranes by ICP-OES, as described previously. For each configuration, the
analysis was conducted in triplicate on 18.75 cm2 pieces of AEM (CACAC the bold character highlights
the membrane analyzed) and CEM (CACAC). Pristine AEMs and CEMs were also analyzed as controls.
Membranes pieces of 18.75 cm2 were cut, weighed, and dried at 60 ◦C overnight in an oven (VWR
Gravity Convection Oven, Radnor, PA, USA). The dried samples were then ashed in a furnace at 550 ◦C
overnight until they turned white. The samples were weighed after cooling and the ash content was
determined according to Equation (1). The ashes were resolubilized in 1 mL 25% nitric acid and diluted
in 50 mL total volume with demineralized water (PURELAB®Ultra, ELGA, High Wycombe, UK).
The solutions were then filtered with membranes of 0.45 μm pore size before the ICP-OES analysis.

Scanning electron microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDS) analysis.
The dried samples (same protocol as for membrane mineral composition before carbonization)
were coated with a thin layer of gold to improve the image quality (Technics Hummer II Sputter
Coater, Anatech Ltd., Hayward, CA, USA). Images were then registered using a field emission
gun scanning electron microscope with a magnification of 50× (JMS840A SEM, JEOL, Peabody,
MA, USA). The microscope was equipped with a spectrometer using the energy dispersive X-ray
spectroscopy (EDS, Bruker Analysis, Billerica, MA, USA) at a 15 kV accelerating voltage and a 15 mm
working distance.

X-ray diffraction (XRD). The analysis was performed using a D5000 Siemens diffractometer
(Montreal, QC, Canada). The radiation source (CuKα) was a copper lamp with a wavelength of
0.154 nm. The Kα radiation of copper was generated at 30 mA and 40 kV. The scan rate of 0.02◦ 2θ
was applied to record patterns for 2θ ranging between 15◦ and 65◦. Results were analyzed using JADE
software version 2.1 with JCPDS database from the ICDD (International Centre for Diffraction Data)
version 2001.

Statistical analyses. Analyses of variance (ANOVA) were performed on data and Tukey tests
(α = 0.05 as probability level) were used to compare treatments (SigmaPlot software, version 12.0 for
Windows, MilliporeSigma, Burlington, MA, USA).

4. Conclusions

There are very few reported applications of PEF on complex food matrices during ED treatments,
and this was the first time that such a current mode was used on acid whey to both demineralize
and deacidify it. In the present study, two pulse/pause combinations were tested: 50 s/10 s and
25 s/25 s, and were compared with DC current. Regarding migration enhancement, the PEF 25 s/25 s
current condition showed a lactate migration or deacidification 16% higher than the DC condition.
Moreover, supplementary analysis on whey solution showed the migration enhancement also applied
to mineral ions such as calcium, magnesium, and potassium, with removal rates of 53%, 32%, and
85%, respectively, 4% to 25% higher than the rates obtained with DC current. In addition to better
deacidification and demineralization efficiencies, the application of PEF conditions appeared to have a
significant effect on scaling mitigation. Indeed, membrane observations and characterization allowed
to correlate the drastic reduction of calcium phosphate scaling intensity with the use of pulse/pause
combination of 25 s/25 s. This could also be confirmed by the 32% major reduction in final global
system resistance observed in comparison with the DC condition (Supplementary Data B), as well
as the 33% decrease in relative energy consumption in term of Wh per gram of lactic acid recovered.
These positive effects of the 25 s/25 s PEF condition were mainly due to the reduction of concentration
polarization on the membranes’ boundary layers. By decreasing such a phenomenon, (1) water splitting
occurrence responsible for the local pH variations leading to scaling formation [16,21,25] was mitigated,
and (2) ionic availability for migration through the membranes was improved, explaining the enhanced
deacidification/demineralization rates [18–20]. However, it appeared crucial to pay particular attention
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to the pulse/pause combination applied since, in the present study, the two different PEF current
conditions led to very different results regarding demineralization, deacidification, and scaling. Finally,
this was the first time that PEF was demonstrated to have a simultaneous positive impact on these
main concerns of ED application to complex matrices.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/4/
797/s1.
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Abstract: Electrodialysis (ED) is frequently used in the desalination of whey. However, the fouling
onto the membrane surface decreases the electrodialysis efficiency. Pulsed Electrodialysis Reversal
(PER), in which short pulses of reverse polarity are applied, is expected to decrease the fouling onto
membrane surface during ED. Three (PER) regimes were applied in the desalination of acid whey
(pH ≤ 5) to study their effects on the membrane fouling and the ED efficiency. The PER regimes
were compared to the conventional ED as the control. For each regime, two consecutive runs were
performed without any cleaning step in-between to intensify the fouling. After the second run,
the membranes were subjected to the Scanning electron microscope (SEM) imaging and contact
angle measurement to investigate the fouling on the membrane surface in different regimes. The ED
parameters in the case of conventional ED were almost the same in the first and the second runs.
However, the parameters related to the ED efficiency including ED capacity, ash transfer, and ED
time, were deteriorated when the PER regimes were applied. The contact angle values indicated that
the fouling on the diluate side of anion exchange membranes was more intensified in conventional
ED compared to the PER regimes. The SEM images also showed that the fouling on the diluate side
of both cation and anion exchange membranes under PER regimes was reduced in respect to the
conventional ED. However, the back transfer to the diluate compartment when the reverse pulse was
applied is dominant and lowers the ED efficiency slightly when the PER is applied.

Keywords: whey; electrodialysis; pulsed electric field; pulsed electrodialysis reversal; fouling

1. Introduction

Whey is a by-product of cheese and curd production. It is separated from casein during the
manufacture of cheese or casein. Due to its high content of proteins, minerals, vitamins, and lactose,
it is a potential source of nutrients. However, in its normal form, whey is not considered as foodstuff
due to its high salt content. Whey is categorized into sweet whey (pH is around 6), that is produced
from rennet-coagulated casein or cheese, and acid whey (pH ≤ 5) that is produced from mineral or
lactic acid-coagulated casein. Considering its content of proteins and vitamins in the natural functional
form, whey is a valuable product which can be used as an additive in baby food, cheese products,
and candies [1–4]. Therefore, a method to desalinate the whey and utilize the demineralized whey
is in high demand. It is worth noting that the decomposition of the proteins and vitamins must be
avoided during its demineralization process. Membrane processes including pressure-driven and
electrically-driven membranes are two main solutions for the desalination of whey. Considering that
the ED is based on the electrical voltage difference as the driving force, it is a more efficient method
for demineralization, particularly in the case of charged ionic species with a small size [5]. However,
the application of ED is accompanied by inherent limitations, including concentration polarization and
fouling on the membranes [6].
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Fouling on membranes is a serious problem in which ion exchange membranes are fouled by ionic
materials of medium molecular weight such as ionic surface active agents having the charge opposite
to the fixed charges of the membrane. Scaling is another type of fouling that occurs when salts of
limited solubility precipitate from the concentrate stream as scale [6]. It must be mentioned that pH
change caused by the water splitting in solution—membrane interface results in scaling of the ions
with low solubility on the membrane surface [7].

The pore size of the ion exchange membrane is approximated to be 10A; therefore, ions of medium
molecular weight permeate with difficulty through the membrane. Consequently, the electrical
resistance of the membrane increases during electrodialysis due to clogging of the membrane pores with
the medium molecular weight ions [8]. To remove the fouling from the membrane, the cleaning process
or even the membrane replacement is required which may cost about 40%–50% in electro-membrane
processes [6].

The conventional method to partially avoid the fouling during ED is the reversal of the concentrate
and diluate streams. The modification of the membranes used in ED is another strategy to avoid
fouling [9–11]. Furthermore, using the cleaning agents can also be applied to remove the film attached
to the membrane surface during ED [12]. Due to the complexity of the described methods, it is desired
to find an alternative method which is easy to perform.

The use of pulsed electric field (PEF) was shown to be an alternative for fouling prevention.
The PEF procedure consists of application of consecutive pulse and pause lapses of a certain duration
(Ton/Toff).

The use of PEF, particularly when the pause period is extended results in the electrophoretic
movement of the substances that form the screening film on the membrane surface. Furthermore,
the water splitting in the solution—membrane interface caused by concentration polarization reduces
due to restoration during the pause period. Consequently, the scaling of ions with low solubility also
decreases. However, Sistat et al. explained that the efficiency in PEF relies on the frequency of applied
potential where the efficiency in PEF increases with increasing of the frequency of the potential [13,14].
Desalination of whey has been of great importance in the food industry and therefore many studies
have been carried out in this field [15–18]. The effect of the PEF on the electrodialysis of acid whey to
remove the lactate was also investigated [16]. Dufton et al. applied the PEF for the desalination of
acid whey and confirmed its antifouling effect. However, the time of the desalination was increased in
PEF by several times to reduce the fouling on to the membrane surface [15]. In pulsed electrodialysis
reversal (PER) short pulses of reverse polarity are applied instead of a long pause period in PEF. Thus,
it is expected that the short period of reverse pulses the ions and the film on the membrane re-dissolves
in the solution. In addition, because of the short period of the reverse pulse the ED process will not
be much longer compared to the conventional ED. The change of polarity occurs without reversal of
diluate and concentrate streams (in contrary to electrodialysis reversal) [6,13,19–23]. This work aimed
to study the effect of PER on the membrane fouling in electrodialysis of acid whey.

2. Results and Discussion

2.1. Electrodialysis

Three potential regimes were applied in ED and compared in terms of the efficiency (the regimes
are defined as, regime I: conventional ED; 50 V applied on the membrane stack, regime II: 50 V applied
for 180 s and then −50 V for 3 s, regime III: 50 V applied for 30 s and then −50 V for 5 s). The change in
the diluate conductivity during ED with different regimes is shown in Figure 1. As seen, in conventional
ED the time required to reach the desired conductivity in diluate is the same in the first and the second
runs. In contrast, in the case of PER more time is required to achieve a given conductivity in the second
run compared to that of the first runs. The ED parameters for different regimes are also represented
in Table 1. As can be observed, the ED parameters in the case of conventional ED are almost the
same in the first and the second runs. However, the parameters related to the ED efficiency including
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ED capacity, ash transfer, and ED time, deteriorated when the PER regimes were applied. Since the
ED continued to obtain a certain conductivity in diluate, the degree of the demineralization value is
almost the same in all the applied regimes. The electrodialysis capacity of PER regimes is reduced
compared to that of conventional ED, indicating that more time is required to achieve a given degree
of the demineralization in PER regimes. The obtained values of the ash transfer rate and the energy
consumption also show that to achieve a given diluate conductivity, in PER more energy must be
consumed due to lower ash transfer. Recalling only the potential regime was different in the ED
processes, as the deteriorated efficiency of the PER regimes could be due to either the fouling on the
membrane surface or the back transfer to the dilute when the reverse pulse was applied. The highest
difference between the first and the second run was observed in the case of regime III in which the
ratio of Tworking/Treverse was the least and the reverse pulse duration was the highest. Evidently,
by increasing the duration of the reverse pulse, the back transfer of ions to the diluate increases.
The change in current on the membrane stack and the pH change in diluate and concentrate during
electrodialysis are provided in Supplementary Materials (Figures S1 and S2 respectively).

Figure 1. The change in diluate conductivity in different regimes.

Table 1. Parameters of acid whey electrodialysis with different regimes of applied potential (two
consecutive runs without CIP).

Test
T

(min)
κF

(mS·cm−1)

κD, final

(mS·cm−1)

DD
(%)

J
(g·m-2·h−1)

CF

(kg·h−1)
E

(Wh/kgF)

Conventional ED 1 195 8.30 0.89 89.3 50 4.0 8.8
Conventional ED 2 195 8.31 0.88 89.4 50 4.0 8.9

180–3 50/−50 240 8.26 0.89 89.2 46 3.8 9.1
180–3 50/–50 285 8.16 0.75 90.8 39 3.2 9.6
30–5 50/–50 255 8.21 0.97 88.2 46 3.5 12.0
30–5 50/–50 315 8.23 0.97 88.3 36 2.9 12.9

2.2. Fouling Analysis

As shown in the SEM images (Figure 2), obviously when the pulsed regimes were applied the
fouling decreased on the membrane surface. In particular, the film attached to the diluate sides of
both AEM and CEM can be observed. The observed film contains particles which can be the organic
molecules as well as the scaling layer. In our previous work we analyzed film attached to the membrane
after the whey demineralization and it was found out that the film contains mainly Ca2+ and Mg2+
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and Al3+ (the ions with less solubility natural pH). With the electrodialysis process proceeding, the ion
concentration near the diluate side of the membrane becomes zero, causing the water splitting and
generation of OH− and H3O+ ions. Consequently, the pH changes which brings about the scaling of
minerals (multivalent ions) and fouling of organic molecules on the membranes including amino acids,
vitamins, and polypeptides existing in the whey. The organic fouling also might be caused because
of sorption of whey components including the residue of whey protein after nanofiltration, amino
acids, and polypeptides [19]. In our previous work the scaling on the ion exchange membranes was
analyzed and it was found that the scaling is mainly composed of sulfate and phosphate of Ca2+ and
Mg2+ cations [24]. Thus, it is expected that during the reversal of the applied potential, the precipitated
ions on the membrane surface partially detach from the membrane surface and dissolve in the feed.

Figure 2. SEM images of the membranes after different regimes, (a) regime I, (b) regime II, (c) regime
III, (AEM = anion exchange membrane, CEM = cation exchange membrane). 16000 ×magnification

Therefore, the restoration of the ion concentration at the membrane interfaces is expected to
occur in PER electrodialysis during the reverse pulse, resulting in a decrease in scaling and fouling.
The values of the membranes contact angle after the ED are represented in Figure 3. The contact angles
measurement allows measuring of the surface hydrophobicity. The surface hydrophobicity of the
membranes is affected by the fouling or scaling. An increase in the hydrophobicity of the surface
results in the increase of contact angles. Thus, fouling on membranes increases the hydrophobicity and
consequently the contact angles of the membranes [22,25,26]. Considering the fact that most of the
foulants are negatively charged, the fouling is a problem in the case of anion exchange membranes
compared to the cation exchange membranes.

As seen, among the anion exchange membranes the highest values of contact angle on both diluate
and concentrate sides were achieved when the conventional ED was utilized. The most significant
differences can be seen between the contact angles on diluate side of anion exchange membranes in
regime I compared to those of regime II and regime III, which indicates the prominent accumulation of
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the foulants in regime I onto diluate side of anion exchange membranes. The results indicate that the
PER might result in a reduction of the fouling on the surface of anion

Figure 3. The values of the measured contact angles on the membranes surface after each ED of whey
with different regimes.

Overall, the obtained results show that the PER could decrease the fouling on the membrane
surface. Consequently, the ED operation becomes more convenient and the membrane maintenance
becomes more cost-effective. However, the back transfer to the diluate lowers the ED efficiency.

3. Materials and Methods

3.1. Whey

The nanofiltrated acidic whey (NFW) was obtained in curd producing and provided by the Madeta
milk factory (Jindřichův Hradec, Czech Republic) which specializes in the production of milk-based
desserts as well as yogurts, fermented milk products, curd and yogurt deserts. (see Table 2).

Table 2. Feed (nanofiltrated acid whey) composition and physicochemical characteristics.

Composition Unit Feed Stream

Conductivity mS·cm−1 8.22
pH No unit 4.40

Total solids % 18.6
Ash % 1.37
Ash %ODB 7.4

Acidity ◦SH 60.0
Density g/cm3 1.0794
Lactose g·kg−1 143.1

Total proteins g·kg−1 14.9
True proteins g·kg−1 5.3

NPN g·kg−1 1.5
α-LA g·L−1 1.46

β-LG A g·L−1 2.40
β-LG B g·L−1 0.62
CMP g·L−1 2.63
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Table 2. Cont.

Composition Unit Feed Stream

Lactates mg·kg−1 15706.87
Citrates mg·kg−1 7014

Na+ mg·kg−1 362.79
K+ mg·kg-1 1404.65

Mg2+ mg·kg−1 320.93
Ca2+ mg·kg−1 3106.97

S mg·kg−1 221.39
P total mg·kg−1 1925.58

Cl- mg·kg−1 812.09
NO3 mg·kg−1 4.65

3.2. Reagents

The chemicals used in the experiments were of analytical grade and purchased from Sigma
Aldrich (Germany). The demineralized water (қ≤ 10 μS·cm−1) is produced in MemBrain Ltd.,
(Stráž pod Ralskem, Czech republic) by reverse osmosis.

3.3. Membranes

The food grade membranes were used in ED. The monopolar membranes used in ED processes
for demineralization of whey were CEM-PES and AEM-PES cation and anion exchange membrane,
respectively. These are heterogeneous membranes based on polyethylene as polymer and sulfonated
groups as cation exchanger and quaternary ammonium groups as anion exchanger groups. Furthermore,
both types of the membranes were reinforced with two polyesters (PES) fabrics. The reinforcement was
performed by repressing at 150 ◦C and 5.06 × 10−6 Pa. The membranes were produced in MemBrain
s.r.o., (Stráž pod Ralskem). The membranes properties including the resistivity and the permselectivity
were studied and reported in previous works and presented in Table 3 [24].

Table 3. Properties of the membranes used in ED.

Membrane d1 Dry (mm) d Swallowed (mm) ρ2 (Ω·cm) P3 (%)

AEM-PES 0.45 0.75 120 >90
CEM-PES 0.45 0.70 120 >95

1d: the thickness of the membrane; 2ρ: specific resistivity; 3P: the apparent permselectivity.

The electromotive force emf method [8], was used to measure the apparent permselectivity of the
membrane. To briefly explain, a two-compartment cell was used whose chambers were filled with
0.5 and 0.1 M KCl, respectively. The membrane was placed in a hole between the compartments. Two
Ag/AgCl (1 M/KCl) reference electrodes were inserted into the solutions close to the membrane. After
1 h of stirring the solution with magnetic stirrers the potential between two electrodes was measured
and the apparent permselectivity was calculated as a ratio of the measured potential to the theoretical
potential which corresponds to a 100% permeselective membrane Equation (1):

P% =
Umeasured
Utheoritical

× 100 (1)

where (P) is the apparent permselectivity, (Umeasured) is the measured potential across the membrane and
(Utheoritical) is the theoretical potential which is calculated for a membrane with 100% permselectivity [27,28].

For measuring the resistance of the membrane the same type of cell was used despite that both
compartments were filled with 0.5 M NaCl. Two Pt wire electrodes were inserted into the solution
while two Ag/AgCl (1 M/KCl) reference electrodes were placed next to the membrane on each side.
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The dc current of 10 mA amplitude was applied to the Pt electrodes and the resulted potential drop
between the reference electrodes was measured. The same measurement was carried out without the
membrane. The resistance of membrane was calculated using the ohm law, Equation (2):

ρsm − ρs = ρm (Ω.cm) (2)

where (ρsm) is the specific resistivity of the membrane and solution layers trapped between the
membranes and the references electrodes, (ρs) is the specific resistivity of the solution and (ρm)
indicates the specific resistivity of the membrane [27,28].

3.4. Electrodialysis

The ED processes is shown in Figure 4. The ED was performed with modified electrodialysis unit
P1 EDR-Y/50-0.8 (manufactured by MemBrain s.r.o.). The pH and the conductivity of the solutions
were measured by SenTix® 940 glass electrode and TetraCon 925 conductivity cell, respectively.
The probes were connected to the WTW multi 3420. It must be mentioned that the conductivity
cell also possesses the temperature sensor. The stack contained 50 pairs of membranes AEM-PES
and CEM-PES assembled in C-A-C (cation exchange membrane–anion exchange membrane–cation
exchange membrane) configuration. The active area of each membrane was 400 cm2. The unit was
additionally equipped with a device which introduces the potential pulse and pause. The minimum
length of a pulse which could be applied was 1 s. The pulse consisted of a working period and
a cleaning (reverse) period. Diluate was desalinated during working period, whereas fouling was
expected to be removed during cleaning period.

Figure 4. The configuration used for electrodialysis of whey.

Fouling could be removed due to diffusion and electric migration in electric field of reverse polarity
in PER. The potential in working period was 50V (1.0V/pair). Three different regimes were applied
differing in the length of working and cleaning periods and the applied potential during cleaning
period. Total voltage (voltage on the whole unit) and the voltage on the stack without electrode
compartments were monitored. The voltage on polarizing electrodes was adjusted so that the voltage
on the stack was (50 ± 1) V. In ED of whey, diluate container was filled with the 30.0 kg of nanofiltrated
whey (NFW) while 7.0 kg of tap water was poured into the concentrate chamber. The flow rate and
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the linear velocity through the membranes of solutions are given in Table 4. The electrodes solution
was 10 g·L−1 NaNO3 7.0 kg. The ED was performed in batch mode. The ED regimes which were
used for desalination of whey are shown in Table 5. To compare the effect of the different regimes on
the membrane fouling two consecutive runs of each regime were performed without any cleaning
step between. It must be mentioned that each regime was continued until the conductivity in diluate
reached 1.0 mS·cm−1.

Table 4. Process conditions.

Parameter Unit Diluate Concentrate Electrolyte

Utilized solution - Acidic whey Tap water Sodium nitrate
Concentration % 20.0 - 1.0

Initial mass kg 30.0 7.0 7.0
Solution flow rates L/h 700 700 500

Thickness of spacers mm 0.8 0.8 1.0
pH - 4.4 5.5 3.0

Ending status mS·cm−1 1.1 15.0 -
Temperature ◦C 15 ± 2 15 ± 2 15 ± 2

Table 5. The ED regimes which were applied for the desalination of whey.

Electrodialysis Working Voltage Reverse Voltage Working Period Reverse Period

Regime I (conventional ED) 50 Not used Not used Not used
Regime II 50 −50 180 s 3 s
Regime III 50 −50 30 s 5 s

3.5. Fouling Analysis

The membranes samples were submitted for the SEM, immediately after the second run of each
ED regime. Images were taken on an uncoated sample with a scanning electron microscope (SEM)
(Quanta FEG 450, FEI, Hillsboro, OR, USA). The potential of 5 KV was applied and the working
distance was 15 mm. The hydrophobicity of the membrane was studied by measuring the contact
angle using (Theta QC, Attension, Espoo, Finland). For measuring the contact angle, a drop of distilled
water was placed on a surface and the contact angles between the drop and the membrane surface
were measured. The contact angles ranged from 0◦ to 180◦.

3.6. Calculations

The Degree of demineralization in ED was obtained as Equation (3) [18]:

Degree o f demineralization % =

⎛⎜⎜⎜⎜⎜⎜⎝1− κ f inal o f diluate
(
S m−1

)
κinitial o f diluate(S m−1)

⎞⎟⎟⎟⎟⎟⎟⎠× 100 (3)

where (қinitial) and (қfinal) are the initial and final conductivity of the diluate.
Ash content %ODB (on dry basis) was calculated as Equation (4) where the ash content and the

total solids are unit less parameters:

Ash content %ODB =
Ash content (%)

Total solids (%)
× 100 (4)

The electrodialysis capacity is defined as Equation (5):

CF =
mF

N.A.t
(5)

where (mF) is the mass of the feed, (A) is the active surface of the membranes; (N) is the number of
membrane pairs, and (t) is the total time of electrodialysis process.
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Average ash transfer rate was determined using Equation (6):

J
(
kgm−2h−1

)
=

(mF × WF) −
(
mD, f inal × WD, f inal

)
N × S× t

(6)

where (mF) and (mD,final) are initial and final mass of diluate, (wF) and (wD,final) are initial and final ash
concentration (g/kg), (N) number of membrane pairs, (S) effective membrane area (m2) and t time (h).

Energy consumption was calculated Equation (7):

E =

∫ t1
t0 UavgIdt

mF
∼
∑t1

t0 UavgIΔt
mF

(Wh/ kgF

)
(7)

where (Uavg) is average voltage on the stack (V),
∑t1

t0 IΔt amount of transported charge (Ah) and (mF)
initial weight of diluate (kg).

4. Conclusions

Comparing the conventional ED and PER in two consecutive batch experiments without cleaning
in place (CIP) between them, the electrodialysis parameters are almost the same in the first and
second runs of conventional ED while in PER the parameters of the second run are evidently worse
than the parameters of the first run. Since CIP was not applied, deterioration of the ED parameters
such as the electrodialysis capacity and the energy consumption in PER might be attributed to the
fouling on the surface of the membranes and/or to the back transfer of mass during the reversal
period. Considering that the SEM analysis and the contact angle values indicate that fouling on cation
exchange membranes and on concentrate side of anion exchange membranes were comparable under
all regimes and fouling on diluate side of anion exchange membranes was even reduced under PED
regimes, it can be concluded that the back transfer to the diluate compartment when the reverse pulse
was applied is dominant. However, due to the PER the fouling (scaling) was reduced in PER regimes
without significant prolongation of the ED process. As shown [15] in PEF, the efficiency of the ED was
improved and the fouling/scaling was decreased. However, to achieve this the time of the ED was
prolonged to around 6 × that of conventional ED. In the present work, even though the parameters of
the ED efficiency were slightly decreased in PER compared to the conventional ED, the duration of the
ED process was only slightly increased. The decrease in ED efficiency in PER was mainly because of
the back transport of minerals in reverse pulse which occurs due to the applying a high magnitude
of voltage (−50 V). The back transport of minerals in a solution containing multivalent ions was also
pointed out by Tufa et al. [29]. Despite this, in long term application the effect of the PER can be
highlighted further due to a reduction of fouling and scaling on the membranes. Therefore, research
must be continued to find an optimum regime in which the back transfer does not play an important
role and the fouling also decreases when the optimum pulse/pause is used.
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Abbreviations

U/V Cell voltage
m/kg Mass
A/m2 Membrane geometric surface area
N Number of membrane pairs
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I/A Current
P Apparent permselectivity
mF/ kg Mass of the feed in electrodialysis
N Number of moles
t/s Time
F/96500 C·mol−1 Faraday constant
к/mS·m−1 Specific conductivity
ji/mole. s−1·m−2 Mass flux of i through the membrane
CF/kg·m−2·h−1 Electrodialysis capacity
g/cm3 Density
E Wh·kgF

−1 Electrical energy used in electrodialysis per mass of the feed
α-LA α-lactalbumin (whey protein)
β-LG A β-lactoglobulin A (whey protein)
β-LG B β-lactoglobulin B (whey protein)
AEM Anion exchange membrane
CEM Cation exchange membrane
CMP Casein macropeptide
CIP Cleaning in place
◦C Temperature
DD Degree of demineralization
ED Electrodialysis
F Feed (raw material)
NFW Nanofiltered acidic whey
ODB On dry basis in percent (Ash)
P Product
PED Pulsed electrodialysis
PER Pulsed electrodialysis reversal
◦SH Acidity, Soxlet Henkel degrees (0.25N NaOH)
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Abstract: In the membrane processes, a trans-membrane pressure (TMP) may arise due to design
features or operating conditions. In most applications, stacks for electrodialysis (ED) or reverse
electrodialysis (RED) operate at low TMP (<0.1 bar); however, large stacks with non-parallel flow
patterns and/or asymmetric configurations can exhibit higher TMP values, causing membrane
deformations and changes in fluid dynamics and transport phenomena. In this work, integrated
mechanical and fluid dynamics simulations were performed to investigate the TMP effects on
deformation, flow and mass transfer for a profiled membrane-fluid channel system with geometrical
and mechanical features and fluid velocities representative of ED/RED conditions. First, a conservatively
high value of TMP was assumed, and mechanical simulations were conducted to identify the geometry
with the largest pitch to height ratio still able to bear this load without exhibiting a contact between
opposite membranes. The selected geometry was then investigated under expansion and compression
conditions in a TMP range encompassing most practical applications. Finally, friction and mass transfer
coefficients in the deformed channel were predicted by computational fluid dynamics. Significant
effects of membrane deformation were observed: friction and mass transfer coefficients increased in
the compressed channel, while they decreased (though to a lesser extent) in the expanded channel.

Keywords: electrodialysis; reverse electrodialysis; ion exchange membrane; profiled membrane;
CFD; pressure drop; mass transfer; structural mechanics; fluid-structure interaction

1. Introduction

Processes based on ion exchange membranes are increasingly being adopted in industrial
applications, from water treatment [1] to food processing [2] and energy harvesting [3], as both
environmentally friendly and economically attractive. In electrodialysis (ED) [4], ions are driven by
an imposed electric field from a dilute electrolyte solution to a concentrate one. Conversely, reverse
electrodialysis (RED) [5] harvests electrical energy from the controlled mixing of two solutions at
different salt concentration. ED and RED units are built by alternately stacking anion- and cation-
exchange membranes, separated by net spacers or built-in profiles creating the fluid channels where
the two solutions (concentrate and diluate) flow. The two membranes and the two solutions form the
repeating unit, referred to as cell pair. Spacers cover part of the membrane surface, thus reducing the
actual active area, and increase the electrical resistance, as they are electrically non-conductive.

Profiled membranes have recently been presented as an innovative solution to overcome net
spacers drawbacks [4,6,7]. Profiled membranes simplify the stack assembly avoiding the use of spacers,
and may improve the process performance. Numerical simulations [8–10] and experimental lab scale
tests [4,11–15] have confirmed their potential benefits. However, the actual performance of profiled
membranes stacks depends on the specific profile geometry. Simple geometries (e.g., pillar or ridges
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profiles) are characterised by reduced hydraulic friction, but may exhibit lesser mixing properties than
spacers [10,12–14,16]; on the other hand, improved profile shapes may provide better trade-off solutions
among pressure drops, mixing and Ohmic resistance, thus improving the stack performance [8,15,16].

In membrane-based processes, a trans-membrane pressure (TMP) between the different solutions
flowing through a module may be a design feature or may arise for various reasons (e.g., flow
arrangement or differences in geometry, flow rate or physical properties). This may lead to local
deformations of membranes and membrane-bounded channels. As a result, the channel geometry
(shape and average size) may be modified with respect to the nominal one, affecting fluid dynamics
and transport mechanisms (of mass, heat, ions) and, thus, the process performance.

The effects of membrane/channel deformation have been studied in the context of different
processes. She et al. [17] tested pressure retarded osmosis (PRO) modules at pressures up to 16 bar.
Experimental performance became worse than theoretical predictions as the hydrostatic pressure
increased; this difference was attributed to a more severe membrane deformation at high pressures.
Later, She et al. [18] studied in detail the influence of spacer geometry on PRO efficiency under pressure
loads up to 20 bar. The spacer with the largest mesh pitch gave the poorest performance in terms both
of power density and of pressure drop.

Karabelas et al. [19] investigated the influence of the compressive stresses that arise in reverse
osmosis (RO) spiral wound membrane modules, provided with spacers, during the assembly stage.
The stresses localized at the membrane-spacer contact regions were systematically addressed as
functions of spacer compaction, channel gap, membrane indentations and pressure drop. Interestingly,
mild applied pressures (1–2 bar) were sufficient to cause significant effects. Correlations for the
frictional losses were obtained for various applied pressures and were implemented into a process
model predicting the performance of RO units.

Huang [20] simulated flow and heat transfer in deformed channels for liquid-to-air membrane
energy exchanger (LAMEE) units. Membrane deformation was not actually computed, and the
deformed membrane was modelled as a spherical surface. As membrane deformation increased,
the friction coefficient was found to increase in the compressed (air) channel and to decrease in the
expanded (liquid) channel. Heat transfer was affected by deformation in a complex way.

The influence of channel deformation on the performance of proton exchange membrane fuel
cells (PEMFC) was assessed in several studies following similar approaches. Shi and Wang [21]
predicted the compression of the porous gas diffusion layer due to the clamping (assembly) force, and
simulated fluid dynamics, mass transport and electrochemical phenomena in the deformed geometries.
The authors considered a serpentine channel and found that the assembly compression of the units
enhanced pressure drop in the fluid channels, and that the process performance was particularly
affected by deformation at high current densities. Zhou et al. [22] simulated a unit with a single straight
channel including the membrane. As expected, most of the deformation was found to occur in the
porous gas diffusion layer due to its lower mechanical stiffness. The spatial distributions of porosity
and permeability were computed and the effects of assembly pressure, gas diffusion layer thickness
and membrane features were assessed.

Hereijgers et al. [23] measured membrane deflection and mass transfer coefficients in membrane
microcontactors using round and diamond-shaped pillar spacers of different pitch. They found
that trans-membrane pressure exhibited a minimum as the spacer pitch was made to vary, and that
membrane deflection had a positive or negative impact on mass transfer depending on the diffusion
coefficients in the two immiscible phases.

Time-dependent membrane deformation has recently been considered as a possible means to
improve process performance. Moreno et al. [24] introduced the concept of “breathing cell” for reverse
electrodialysis systems. In the breathing cell, the channels thickness changes dynamically due to the
intermittent (5–15 cycles per minute) closure of an outlet valve in the concentrate channels. As a
result, the Ohmic resistance of the diluate compartment (which is the predominant one) decreases.
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Some effects on concentration polarization are also expected. This cyclic operation was shown to yield
higher net power densities in a range of flow rates.

Some ED/RED practical applications are poorly affected by these issues (TMP ≈ 0). However, in
prototype and industrial size stacks with non-parallel flow layouts (cross flow, counter flow) and/or
with asymmetric channels (different geometries, fluid properties, flow rates), where the pressure
distribution in the two compartments is different, appreciable values of TMP may arise. In particular,
when some factors enhancing pressure drop are present, TMP values amounting to some tenths of a
bar can be exhibited (higher TMP levels can cause severe risks of leakages [25–27]).

For example, in the cross-flow RED prototype units (44 × 44 cm2) installed within the REAPower
project [28], pressure drops from ~0.2 to ~0.9 bar were measured at flow velocities up to 1 cm/s [29].
Despite some of the pressure drop can be supposed to occur in the manifolds, a significant part of it is
expected to occur in the channels, thus causing the onset of non-negligible TMP values. Moreover,
the compartments were asymmetric, because the viscosity of the concentrated solution (brine) was
almost twice that of the dilute feed, thus causing an unbalanced pressure distribution in the two
solutions. Larger TMP values (up to ~1.5 bar) were measured by Hong et al. [27] in a cross-flow RED
stack (35.5 × 35.5 cm2) fed with inlet velocities up to ~5 cm/s, which provided a significantly lower
electrical power (less than half) compared to an equivalent parallel-flow stack. Although the authors
attributed this decline in performance to issues of internal leakage, an important effect of deformation
can be supposed.

ED units operate with fluid velocities higher than those typical of RED (in order to increase the
limiting current density) and, despite the usually higher channel thickness, exhibit large pressure
drops [1]. For example, Wright et al. [30] performed ED tests in a bench-scale unit and in a commercial-
scale unit with parallel flow, measuring pressure drops up to ~0.65 bar and ~1.30 bar, respectively,
at fluid velocities up to ~9 cm/s. If such operating conditions were adopted in non-parallel flow
arrangements, they would lead to significant levels of TMP.

Recent studies showed that asymmetric channels are optimal for RED applications [31,32].
However, they can be affected by TMP-related issues. For example, in ref [32] it was shown that for the
couple of NaCl solutions 15–500 mol/m3 fed with parallel flow in a stack 50 cm long, the optimum
thickness and fluid velocity are ~400 μm and ~1.4 cm/s for the concentrate and ~217 μm and ~2.6 cm/s
for the diluate. The pressure drop predicted by Computational Fluid Dynamics (CFD) correlations is
0.07 bar for the concentrate and 0.46 bar for the diluate, thus giving a maximum TMP located at the
inlet equal to ~0.39 bar.

It must also be added that ion exchange membranes may have very different mechanical features.
The Young modulus (E) may vary within a broad range from 10 MPa to 1 GPa [33–43] or even to
higher values in some cases [44,45], but decreases with ageing due to membrane usage [34–36,44].
Moreover, the new generation membranes are manufactured with low thickness, e.g., from 80 to
250 μm [46,47]; even lower values can be found among commercial membranes and experimental
membranes prepared in laboratory [48]. A theoretical study [49] has recently found optimal thicknesses
of 15–20 and 50–70 μm for ED and RED applications, respectively. Therefore, it is quite common
that ion exchange membranes exhibit a low stiffness, due to the combined effects of a low E and a
low thickness. This feature makes the membranes susceptible to large deformations in stacks with a
non-negligible TMP, depending also on the spacer features.

In particular, a fluid-membrane mechanical interaction will be triggered, which will find an
equilibrium state characterized by some distribution of pressure, geometry, flow rate, hydraulic friction,
mass transfer coefficient, current density, Ohmic and non-Ohmic resistances in both compartments.
Compared to the nominal conditions, the values of any of the above quantities under deformed
conditions may be: (i) either higher or lower in the whole channel (e.g., in asymmetric configurations);
(ii) higher in some parts of the channel and lower in other ones (e.g., in non-parallel flow arrangements).
In both cases, these deviations from the undeformed conditions may impair the process performance
due to the lack of compensation of effects between compressed zones and expanded zones (in the
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same or in different channels). For instance, an increase in the thickness of the diluate (which often
provides the predominant resistance), in the whole channel or in a part of it, especially where the
solution is less conductive, causes an increase in the average Ohmic resistance. Imbalances may also
affect hydraulic friction, increasing the overall pressure drop. An increment in non-Ohmic resistance is
another well-known detrimental effect of uneven flow rate distributions [13].

All the aspects of practical interest examined in this section have provided the motivation to the
present work. In particular, this paper goes inside the unexplored field of the TMP effects, taking a first
step concerning mechanical response (deformation), flow and mass transfer characteristics at the local
scale of a periodic unit. For this purpose, simulation tools implementing well-established and validated
physical models and numerical methods were developed. Profiled membranes of the Overlapped
Crossed Filaments (OCF) type were simulated. They are made by an array of semi-cylinders on both
membrane sides, placed at 90◦ each other, as shown in Figure 1.

Figure 1. Profiled membranes of the Overlapped Crossed Filaments (OCF) type. The repetitive periodic
unit of a cell pair is shown, enlarged, in the inset. The geometric parameters H (channel thickness),
P (pitch) and γ (flow attack angle) are indicated.

2. Results and Discussion

2.1. Mechanical Results

2.1.1. Influence of Pitch to Height Ratio (P/H) and Limiting Values

Computational results for the deformation of cells with different pitch (P, distance between two
profiles on the same membrane side) to channel height (H, distance between the two undeformed
membranes) ratios under the conservative value of TMP = + 0.8 bar (the “+” sign refers to compression)
are presented in Figure 2. Three values of P/H are considered (7, 8 and 9). The first contact between
the two membranes approximately occurs for P/H = 9 and is located at the centres of the side ridges
(note that an inter-membrane clearance of ~60 μm is still preserved at the centre of the periodic unit).
Therefore, the value P/H = 8 was chosen as the largest admissible one.

 

Figure 2. Deformation of membranes with different P/H ratios under TMP = +0.8 bar. The quantity
shown is the displacement in the direction orthogonal to the undeformed membranes (y). Top: external
view; bottom: view after sectioning by a mid-plane A-A.
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2.1.2. Membrane and Channel Deformation for the Selected Geometry (P/H = 8)

The geometry characterized by the maximum admissible P/H ratio (8) was subjected to TMP varying
in 0.1 bar steps from−0.4 bar (expansion) to+0.4 bar (compression), and the corresponding deformation
was computed. Figure 3 shows the deformed configuration for P/H = 8 under TMP = ±0.4 bar.
The insets on the right show the deformed fluid volumes. The maximum relative variation of the
clearance occurs at the centres of the ridges. Here, the distance between the two opposite membranes
(thickness of the fluid passage), which is H/2 = 100 μm in the undeformed configuration, decreases
to ~53.7 μm in the compression case and increases to ~148.4 μm in the expansion case. The distance
between opposite membranes at the centre of the domain, which is H = 200 μm in the undeformed
configuration, decreases to ~130 μm under compression or increases to ~272 μm in expansion (i.e., the
maximum deflection at the centre is ~ ±70 μm).

 
Figure 3. Deformation of membranes with P/H = 8 for the compressed and the expanded cases at
TMP = ±0.4 bar. The quantity shown is the displacement in the direction orthogonal to the undeformed
membranes (y). The corresponding deformed fluid volume is shown in the insets.

Figure 4 provides information concerning the TMP effects, in the whole range studied, on the
fluid volume. The volume follows a linear trend and exhibits an almost perfect symmetry between
compression and expansion; the volume changes by ±25% for TMP = ±0.4 bar.

Figure 4. Fluid volume (normalized by the undeformed volume) as a function of trans-membrane
pressure for P/H = 8.
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2.2. CFD Results for P/H = 8

2.2.1. Undeformed Configuration

Figure 5 shows 3-D streamlines and maps of the polarization coefficient θ = cb/cw (bulk to wall
concentration ratio) in the undeformed configuration characterized by P/H = 8 for a friction velocity
Reynolds number Reτ = 5.2 (bulk Reynolds number Re ≈ 17.6, approach velocity ~4 cm/s) and all
three values of the flow attack angle (angle formed by the flow direction with the membrane ridges
belonging to the upper wall) investigated (γ = 0◦, 45◦ and 90◦). The flow direction is indicated by
arrows. Definitions of approach velocity and friction velocity Reynolds number are provided in
Section 3.3.2, Equations (11) and (13).

The streamlines show that the flow is regular and parallel at this low value of Re. The corresponding
plots forγ= 0◦ andγ= 90◦ are identical apart from a 90◦ rotation and a top-bottom reflection. For γ = 45◦,
streamlines were shown in two colours according to the face from which they enter the unit cell;
the graph shows that there is no mixing between the two inlet streams.

The maps of θ = cb/cw in the bottom row show that the case γ = 45◦ provides a more uniform
distribution of the wall salt concentration, while the other two cases exhibit a very strong spanwise
non-uniformity; the concentration is lower in the central region of the wall, where it becomes less than
the bulk value despite the net overall salt flux being into the channel, and larger in the lateral regions of
the channel walls, where low fluid velocities (stagnation zones) occur. Please note that the distribution
of θ on the upper wall for γ = 0◦, once rotated by 90◦, would become the corresponding lower wall
distribution for γ = 90◦ and vice versa. Also, remember that the values of the polarization coefficient
depend on the flux imposed at the boundary and on the bulk concentration considered. Therefore, for
example, much lower values would be obtained for dilute solutions.

Figure 5. CFD results for the undeformed configuration with P/H = 8 at Reτ = 5.2 (approach velocity
~4 cm/s). Top row: sketches illustrating the flow direction; middle row: 3-D streamlines; bottom row:
maps of the concentration polarization coefficient θ = cb/cw on the upper wall. cb = 500 mol/m3, flux
corresponding to a current density of 50 A/m2 entering the fluid domain (dilute channel of RED or
concentrate channel of ED).
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2.2.2. Deformed Configurations

For the sake of brevity, the influence of deformation on flow and mass transfer in OCF membranes
with P/H = 8 is illustrated here in Figure 6 only for a friction velocity Reynolds number Reτ = 5.2
(corresponding to bulk Reynolds numbers between ~7 and ~35, approach velocity ~1.6 and ~7.8 cm/s,
depending on the load conditions) and a flow attack angle γ = 90◦ (flow orthogonal to the profile
ridges adjacent to the upper wall of the fluid channel), as evidenced in the inset.

Three configurations are examined: compressed by a trans-membrane pressure TMP=+0.4 bar (left
column), undeformed (middle column), and expanded by a trans-membrane pressure TMP = −0.4 bar
(right column). The top row reports contour plots of the velocity component along the main flow
direction in the central cross section of the channel, while the middle and bottom rows report contour
plots of the polarization coefficient θ = cb/cw on both the upper and the lower wall of the fluid-filled
channel, as clarified by the sketches in the rightmost part of the figure. The corresponding values of the
F ratio (friction coefficient normalized by that for laminar flow in an undeformed void plane channel
of indefinite width, 96/Re) and of the Sherwood number are also reported.

Figure 6. Influence of deformation on flow and mass transfer for P/H = 8, γ = 90◦. Left column:
compressed (TMP = +0.4 bar); middle column: undeformed; right column: expanded (TMP = −0.4 bar).
Top row: distribution of the streamwise velocity component in the central cross section of the channel
(for symmetry reasons, only half map is shown); middle and bottom rows: distribution of the
polarization coefficient on the upper and lower walls (see sketches on the right). cb = 500 mol/m3, flux
corresponding to a current density of 50 A/m2 entering the fluid domain (dilute channel of RED or a
concentrate channel of ED). F ratio and Sherwood number are also reported.

In the deformed channels, the normalized axial velocity component exhibits larger maximum
values, which are located closer to the longitudinal ridges in the case of the compressed channel.

The F ratio increases from ~2.04 to ~4.96 with compression and decreases from ~2.04 to ~1.03
with expansion. In regard to the Sherwood numbers that on the upper wall (flow orthogonal to the
profile ridges) increases significantly with compression (from 8.77 to 11.46, i.e., by ~30%) and increases,
but negligibly, also with expansion (from 8.77 to 8.92, i.e., by ~2%). That on the lower wall (flow
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parallel to the profile ridges) increases significantly with compression (from 5.52 to 7.63, i.e., by ~38%)
and increases less, but still appreciably, also with expansion (from 5.52 to 6.17, i.e., by ~12%).

For greater readability of the results, the dimensioned values of the approach velocity U and of the
mass transfer coefficient k for the three conditions in Figure 6 (TMP = 0 or ±0.4 bar) are summarized
in Table 1. In all three cases the friction velocity Reynolds number Reτ is ~5.2, corresponding to an
inlet-outlet pressure drop in a unit cell (1.6 mm in side) of ~34.36 Pa.

Table 1. Approach velocity and mass transfer coefficients for the load conditions in Figure 6.

Quantity Compressed +0.4 Bar Undeformed Expanded −0.4 Bar

[cm/s] ~1.6 ~4 ~7.8
〈k〉, upper wall [m/s] ~3.72 × 10−5 ~2.84 × 10−5 ~2.89 × 10−5

〈k〉, lower wall [m/s] ~2.47 × 10−5 ~1.78 × 10−5 ~2.00 × 10−5

Distributions of the polarization coefficient θ = cb/cw are deeply affected by deformation. In the
compressed configuration, both on the upper and on the lower wall the region of high θ (i.e., low
concentration) observed in the undeformed case splits into two smaller regions, symmetrically located
about the midline parallel to the flow direction, whereas the central region of the wall close to this
midline exhibits low values of θ (i.e., high values of concentration). In the expanded configuration,
the concentration distribution on the lower wall remains similar to that observed in the undeformed
case, with a single large central strip where cw < cb, which is consistent with the fact that the longitudinal
velocity exhibits a single central maximum as in the undeformed case (see top row). The θ distribution
on the upper wall becomes flat, with two shallow θmaxima (i.e., cw minima) symmetrically located
about the longitudinal midline.

By comparing the polarization coefficient maps and the velocity maps in Figure 6, it can be
observed that under the present assumption of mass flux entering the channel, higher concentration
levels on the wall correspond to stagnation regions, whereas low values of concentration occur in
regions of high streamwise velocity as an effect of axial advection.

2.2.3. Global Parameters

Among the performance parameters of greatest interest which can be affected by deformation, we
selected the friction coefficient and the Sherwood number [16,50].

Figure 7 reports the normalized Darcy friction coefficient, i.e., the F ratio, as a function of Re for
P/H = 8 at different values of TMP. Graph (a) is for flow attack angles γ of 0◦ or 90◦ (equivalent in regard
to friction), while graph (b) is for γ = 45◦. Please note that the results of each series of simulations
performed at a given Reτ appear as an inclined row of symbols since they correspond to different
values of Re.

For any γ and applied TMP, F is flat up to Re ≈ 10, indicating that inertial effects are negligible
(self-similar flow). A significant departure from the void channel behaviour is observed only for Re»10.
The influence of TMP is to enhance friction under compression and to reduce it under expansion.
This effect is expected because, for any given Re, in a compressed channel the cross section is reduced,
local velocities increase and thus pressure drops are higher (the opposite occurs in an expanded
channel). For the same absolute value of TMP, the influence of compression is slightly larger than
that of expansion: TMP = +0.4 bar leads to an increase in F by a factor of ~2.5, while TMP = −0.4 bar
leads only to a halving of F. The influence of the angle γ is negligible (graphs (a) and (b) are practically
identical), indicating a substantial isotropy of the profiled membrane lattice in terms of hydraulic
friction. This behaviour is typical in the case of low Reynolds numbers, as largely documented in the
literature [10,16,50,51].

Figure 8 reports the Sherwood number on the upper channel wall, for P/H = 8 as a function of the
Reynolds number and for different values of the trans-membrane pressure. Graphs (a), (b) and (c) are
for flow attack angles γ of 0◦, 45◦ and 90◦, respectively. Please note that the cases γ = 0◦ and 90◦ are
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equivalent in regard to friction but not in regard to mass transfer on a specified wall. However, for
symmetry reasons, the Sherwood number on the lower wall of the channel at a given γ is identical to
that on the upper wall at the complementary flow attack angle 90◦ − γ (also the distributions of wall
quantities such as concentration and mass transfer coefficient would be the same, apart from rotations
and reflections). Therefore, values of Sh for the lower wall were not separately reported.

(a) (b) 

Figure 7. Normalized Darcy friction coefficient (F ratio) as a function of Re for P/H = 8, different values of
the trans-membrane pressure TMP and two values of the flow attack angle γ. (a) γ = 0◦ or 90◦; (b) γ = 45◦.

(a) (b) (c) 
Figure 8. Sherwood number on the upper wall as a function of the Reynolds number for P/H = 8 and
different values of the trans-membrane pressure and of the flow attack angles. (a) γ = 0◦; (b) γ = 45◦;
(c) γ = 90◦.

When γ = 0◦, Figure 8(a), for any applied TMP the Sherwood number on the upper wall changes
little with Re up to ~10, while for γ = 90◦, Figure 8(c), the departure from this flat behaviour occurs
earlier (Re ≈ 2). For γ = 0◦ or 90◦, the Sherwood number at low Reynolds numbers ranges between
~3 and ~7 and thus is less than the theoretical value for a void plane channel of indefinite width
(~8.24 under uniform mass flux conditions [52]). This indicates that in this Reynolds number range,
the “shadow” effects of the profiles hinder mass transfer. The behaviour of Sh is different for a flow
attack angle of 45◦, Figure 8b, for which, even at very low Reynolds numbers, Sh increases with Re and
is larger than in a void channel for all compressed configurations, while it becomes slightly lower only
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for the expanded ones. Under all conditions, Sh increases rapidly as Re exceeds some critical value
and, at Re ≈ 30–100, it becomes much larger than in a void channel. The most peculiar behaviour is
exhibited by the upper wall Sherwood number in the expanded cases and γ = 90◦, which jumps to
very high values (up to ~40 for TMP = −0.4 bar) as Re exceeds ~50 due to the increasing importance of
flow recirculation.

The influence of trans-membrane pressure on Sh is more complex than that on F. On the whole,
compression enhances mass transfer and expansion reduces it; the influence of channel deformation
on mass transfer is less marked than on friction. Some anomalous behaviour of Sh is observed only in
the cases characterized by γ = 90◦ and Re > ~50, in which the highest values of Sh are obtained for the
largest expansion. Under all deformation conditions, the flow orientation γ = 45◦ yields the highest
values of Sh. This is in contrast with the behaviour of the friction coefficient, see Figure 7, which is only
minimally affected by the flow attack angle.

3. Materials and Methods

3.1. Simulation Strategy

In the present study, membrane deformation was computed by the Finite Element (FE)
Ansys-Mechanical software (ANSYS, Inc., Canonsburg, PA, USA, version 18.1), while fluid dynamics
and mass transfer in the deformed channels were computationally investigated by the Finite Volume (FV)
Ansys-CFX software (ANSYS, Inc., Canonsburg, PA, USA, version 18.1). To reduce the computational
effort, only one fluid channel at a time was simulated and the local pressure difference between adjacent
channels was applied as a boundary condition. Simulations were conducted for a periodic unit as
shown in Figure 1, exploiting the periodic nature of the profiled membrane geometry by the approach
discussed in detail in previous papers [51] and summarized in Section 3.3.1. The analysis was carried
out in three steps:

1. First, the influence of the pitch-to-height ratio (P/H) was addressed by mechanical simulations.
A TMP of 0.8 bar was applied, and the geometry with the largest value of P/H still able to withstand
this load without collapsing (i.e., without exhibiting a contact between opposite membranes) was
identified. The figure of 0.8 bar was conservatively chosen as a value comfortably larger than the
highest TMP actually expected in real RED/ED applications. The search for the largest admissible
P/H was motivated by the fact that small values of P/H are associated with large pressure drops:
many studies [13,16,30,53–55] have highlighted the importance of reducing pressure drop and
thus mechanical power losses in the channels, especially in RED applications. It is true that the
increase of P/H may also cause a reduction in mass transfer coefficients, but its effect on stack
performance is usually less important.

2. The geometry thus identified was then investigated under expansion and compression conditions
corresponding to TMP varying from −0.4 to +0.4 bar. As discussed in the Introduction, this
range encompasses most of the conditions that are likely to occur in actual ED/RED applications.
For each load condition, the deformed configuration was computed by mechanical simulations.

3. Finally, for each deformed configuration, fluid flow and mass transfer in the expanded or
compressed channel were numerically simulated by CFD; in particular, friction coefficients and
Sherwood numbers were computed as functions of the Reynolds number.

Steps 2–3 can be schematically represented by the flow chart in Figure 9. It is worth noting that
the present modelling approach can also be applied to the simulation of membrane/spacer systems,
provided suitable changes and adjustments are made in some specific aspects (e.g., concerning the
boundary conditions).

Note also that in the present study, the coupling between fluid and structure is only one-way
(open-loop model): a given TMP causes channel deformation, which, in its turn, causes changes in
the flow field and thus in pressure losses and mass transfer coefficients. Changes in TMP induced
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by the flow field, which would close the fluid-structure interaction loop, are not considered at this
stage: they cannot be predicted at periodic unit level but only by considering a larger scale (stack level),
where they are mainly caused by inlet-to-outlet pressure gradients.

 

Figure 9. Flow chart of the computational process for any chosen geometry.

3.2. The Mechanical Problem

The mechanical properties of a membrane depend on manufacturing method, nature of
co-polymers, cross-linking degree, ageing, etc. In the present study, cation and anion exchange
membranes were assumed to exhibit the same mechanical properties and, for the sake of simplicity,
were treated as linearly elastic, homogeneous and isotropic media. Representative values of 150 MPa
for the Young modulus (E) and 0.4 for the Poisson ratio (ν) were chosen for the membranes among
literature data broadly ranging from 10 MPa to 1 GPa for E (see the Introduction) and from 0.25 to 0.4
for ν [39,41].

The linearly elastic hypothesis is quite reasonable for ED/RED membranes within the mild
load conditions considered in this study: for TMP = ±0.4 bar, the maximum computed von Mises
stress is ~2 MPa, which is below the limit stress for linearly elastic behaviour generally exhibited by
ion exchange membranes [39–43], including those tested in our experiments (see Figure S1 in the
Supplementary Materials).

The homogeneity assumption is based on the membrane structure and on the preparation
technique adopted, as described by the manufacturer (FujiFilm Europe, Tilburg, The Netherlands).

In regard to the isotropy assumption, tests conducted by the authors evidenced a maximum
difference of ~15% between the values of the Young modulus along the MD (machine direction) and CD
(cross direction) axes, both for cation and anion exchange membranes. In view of this modest degree
of anisotropy, we felt that taking this feature into account would have unnecessarily complicated the
computations and multiplied the number of representative test cases without changing the results to
any significant extent.
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3.2.1. Governing Equations

Equilibrium, compatibility and constitutive equations were numerically solved in order to find
the deformed configuration of the body [56]. They are quite standard but, for the sake of completeness,
are reported here below in Cartesian tensor notation (no summation over repeated indexes).

Equilibrium:
∂σi
∂xi

+
∂τi j

∂xj
+
∂τik
∂xk

+ Fi = 0 (1)

Compatibility:

∂2εi

∂x2
j

+
∂2ε j

∂x2
i

=
∂2γi j

∂xi∂xj
; 2

∂2εk
∂xi∂xj

=
∂
∂xk

(
∂γ jk

∂xi
+
∂γik

∂xj
− ∂γi j

∂xk

)
(2)

Constitutive:
εi =

1
E

[
σi − ν

(
σ j + σk

)]
; γi j =

1
G
τi j (3)

where σi are normal stresses, τi j are shear stresses, Fi are body forces, εi are normal strains, γi j are shear
strains, and G = E/[2 × (1 + ν)] (shear modulus). The small deformation approximation was not used.

3.2.2. Computational Domain and Boundary Conditions

The computational domain for the mechanical simulations is the periodic unit shown in the
central inset of Figure 1. Please note that the planform of this unit is a square. The undeformed channel
thickness H was assumed to be 0.2 mm and the undeformed membrane thickness 0.12 mm; these values
are representative of advanced membrane-channel configurations currently being considered for ED
and RED applications [1,46,47,57]. Profiles of adjacent membranes were assumed to be aligned on top
of one another; in practice, this arrangement may not be precisely achieved since, in operation, shifts
would be likely to occur.

For the sake of clarity, geometrical and mechanical quantities are summarized in Table 2.
The computational domain is also shown, enlarged, in Figure 10, where the mechanical boundary
conditions are evidenced:

1. Each of the four segments representing the external vertical edges of the domain (1) was clamped,
i.e., zero displacement and rotation were imposed to all points belonging to it.

2. Each of the four side faces of the domain (2) was imposed zero displacement in the direction
normal to itself, so that a single computational domain is representative of a periodic array of
repetitive units.

3. The trans-membrane pressure TMP (relative to that of the internal fluid channel) was applied to
the whole outer surface of the domain (3). Please note that TMP > 0 for compression conditions,
while TMP < 0 for expansion conditions.

Table 2. Geometrical and mechanical quantities.

Quantity Value Units

Membrane Young modulus, E 150 MPa
Membrane Poisson ratio, ν 0.4 -
Membrane thickness 120 μm
Channel thickness, H 200 μm
Pitch-to-height ratio, P/H 7–9 -
Angle between filaments 90 deg
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Figure 10. Computational domain. Numbers 1–3 indicate the mechanical boundary conditions (see text).
A detail of the finite element mesh is shown on the right.

3.2.3. FE mesh for Mechanical Simulations

A detail of the finite element mesh is shown in Figure 10. The use of a hybrid (hexahedral-
tetrahedral) grid was necessary. Grid dependence was preliminary assessed; Table 3 reports the
maximum displacement at the outer surface of the domain computed for TMP = 0.8 bar and P/H = 8
with increasingly fine meshes.

Table 3. Grid dependence results (TMP = +0.8 bar).

FE Mechanical Mesh No. Elements (P/H = 8) Maximum Displacement at Membrane Surface [μm]

OCF-I 200 × 103 67.04
OCF-II 500 × 103 67.38
OCF-III 1 million 67.53

On the basis of these results, computational meshes of 500 × 103 elements (OCF-II) were used in
all following simulations as a compromise between accuracy and computational effort.

3.2.4. Mechanical Model Validation

The FE model was first validated by comparison with existing experimental bulge test results,
obtained in the context of an independent study for 10 × 10 cm2 square samples of flat ion exchange
membranes. Details of the experiments are reported in Section 3 of the Supplementary Material
(Figure S2). Figure 11a compares the predicted and experimental maximum displacements (placed
at the central point of the membrane) as functions of the trans-membrane pressure. Error bars are
reported for the experimental data. A good agreement can be observed, with a maximum relative
discrepancy of a few percent.

A further validation of the FE model was performed by comparing numerical predictions with an
analytical solution of structural mechanics for a two-dimensional domain [58]. A square body loaded
with a uniform pressure and with all the edges clamped was considered. Since the membrane deflection
overcomes the “small deflection” range, a suitable analytical solution was used for the comparison.
In particular, Figure 11b reports the maximum deflection as a function of the trans-membrane pressure.
The broken line is the first-order approximated analytical solution reported by Iyengar and Naqvi [58],
the solid line is the present FE numerical solution. In this case, the square membrane is 2 mm wide
and 0.120 mm thick and Young’s modulus is 150 MPa. The Poisson ratio is 0.316, as the analytical
solution proposed in reference [58] was specifically obtained for this value. Figure 11b shows that our
numerical simulations are in good agreement with the approximate theoretical solution, the discrepancy
increasing with TMP and being only ~3% at 0.8 bar.
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(a) (b) 

Figure 11. Maximum displacement for a square, edge-clamped membrane as a function of the
trans-membrane pressure. Comparison of FE predictions (solid line) with (a) experimental results
(symbols) of bulge tests on a 10 × 10 cm2 sample and (b) the first-order analytical solution by Iyengar
and Naqvi [58] for a 2 × 2 mm2 membrane (dashed line).

3.3. The Fluid Dynamics and Mass Transfer Problem

3.3.1. Computational Approach

The fluid channel was simulated by CFD in the undeformed, compressed and expanded
configurations in order to evaluate its pressure drop and mass transport performance. The ionic
transport was simulated assuming the local electroneutrality condition in the whole fluid domain.
Under this hypothesis, from the Nernst-Planck equations and the mass balances of the two ions of a
binary electrolyte, a convective-diffusive transport equation can be derived [51,59–61]. This simplifies
the calculations, requiring only the need for a choice concerning the boundary condition at the
membrane-solution interface (uniform concentration, uniform flux, or mixed condition); however, the
influence of the boundary conditions on the mass transfer coefficient is small [8,52]. Please note that
the potential is eliminated from the transport equation, and therefore the electric field and associated
phenomena (e.g., Ohmic resistance) are not calculated by this simulation approach. Moreover,
electroneutrality conditions are assumed and the electric double layer at the membrane-solution
interface is not simulated, so that special conditions in which an extended space charge region occurs
(e.g., electroconvection under overlimiting conditions) are not taken into consideration.

The governing equations were solved by the finite volume code Ansys-CFX®. From the
numerical solution of these equations, velocity, pressure and electrolyte concentration fields are
obtained. Raw results are then elaborated in order to calculate friction factor and Sherwood number.
This simulation method is particularly suitable for the implementation of integrated multi-scale
process simulators [1], where basic data produced by CFD are merged with higher-scale simulation
tools [8,16,62].

3.3.2. Governing Equations and Definitions

For the fluid dynamics/mass transfer problem the assumptions are those of steady laminar flow
and constant-property fluid. The former assumption is amply justified by the low Reynolds numbers
(<100 in most cases), the latter by the small concentration changes occurring in a generic unit cell
(polarization coefficients cb/cw ranging from 0.97 to 1.03, see Figures 5 and 6). Under these assumptions,
we used the most complete possible model, i.e., that made up the full, three-dimensional continuity,
Navier-Stokes and scalar transport equations.
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The continuity equation (with implicit summation) is simply

∂ui
∂xi

= 0 (4)

where ui is the i-th velocity component of the fluid.
As anticipated in Section 3.1., all simulations were carried out under the hypothesis of fully

developed flow and concentration field, thus simulating the Unit Cell [51]. In this approach, periodic
boundary conditions are imposed to all variables between the inlet and outlet faces of the computational
domain. At the same time, it is necessary to allow for the variation of pressure and bulk concentration
along the main flow direction s, due to frictional losses and solute inflow or outflow through the
channel walls, respectively. These apparently contradictory requirements are reconciled as follows.

• Consider pressure p first. In the fully developed region of a channel, p can be decomposed into a
periodic component p̃, whose spatial distribution repeats itself identically in each unit cell, and a
large-scale component −Kp(x·s) which decreases linearly along the main flow direction whose
unit vector is s (x is the position vector of components xi). By substituting p̃−Kp(x·s) = p̃−Kpxisi
for p in the i-th steady-state Navier-Stokes equation:

∂ρujui

∂xj
= − ∂p
∂xi

+
∂
∂xj
μ
∂ui
∂xj

(5)

(where ρ and μ are the fluid’s density and viscosity), it becomes

∂ρujui

∂xj
= − ∂p̃
∂xi

+
∂
∂xj
μ
∂ui
∂xj

+ Kpsi (6)

Equation (6) is similar to Equation (5), but (a) the “true” pressure p is replaced by its periodic
component p̃, and (b) a body force per unit volume (mean pressure gradient) acting along the
main flow direction s appears at the right hand side. If required, the “true” pressure p can always
be reconstructed from the simulation results as p = p̃−Kp(x·s).

• In regard to the concentration c, by definition of fully developed conditions it can be decomposed
into a periodic component c̃ and a large-scale component Kc(x·s), where Kc can now be either
positive (net inflow of electrolyte into the channel) or negative (net outflow of electrolyte from the
channel). By substituting c̃ + Kc(x · s) = c̃ + Kcxisi for c in the transport equation

∂ujc
∂xj

=
∂
∂xj

D
∂c
∂xj

(7)

(where D is the electrolyte diffusivity), after some manipulation one obtains:

∂uj̃c
∂xj

=
∂
∂xj

D
∂̃c
∂xj
−Kcus (8)

in which us = u·s is the local velocity component along the main flow direction s. The large-scale
gradient Kc can be obtained by an elementary balance as:

Kc =
A
V

j
us

(9)

in which j is the molar salt flux at walls (imposed in the simulation), A is the membrane surface
active area in a fluid unit cell (so that jA is the molar flow per unit time, mol/s), V is the cell volume
and 〈us〉 is the volume average of us.
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In the present study, the (bulk) Reynolds number was conventionally defined as:

Re =
ρU2H
μ

(10)

i.e., it was based on the hydraulic diameter 2H of a void (profile-less) and undeformed channel of
thickness H in the limit of indefinite width, and on the approach velocity

U =
Q
S

(11)

in which Q is the volume flow rate through a cross section of the channel orthogonal to the main flow
direction and S is the cross sectional area of a void (profile-less) and undeformed channel of thickness
H. The above definitions of U and Re are consistent with those adopted in our previous works on
undeformed spacer-filled channels or profiled membranes [10,16,50,51].

The Darcy friction coefficient fDarcy was defined with reference to the above approach velocity U
and hydraulic diameter 2H, i.e., as:

fDarcy =

∣∣∣∣∣dp
ds

∣∣∣∣∣ 4H
ρU2 (12)

In the simulations, the driving pressure gradient Kp = |dp/ds| in Equation (6) was imposed, while
the flow rate was obtained as part of the solution. Please note that |dp/ds| can be expressed in terms of
the friction velocity Reynolds number

Reτ =
uτρ
μ

H
2

(13)

in which uτ is the friction velocity,

uτ =

√
H
2ρ

∣∣∣∣∣dp
ds

∣∣∣∣∣ (14)

Therefore, in the parametrical analyses illustrated above, results were obtained for a given Reτ
(friction velocity Reynolds number) rather than for a given Re (bulk Reynolds number). Please note
that according to the present definitions, between Re, Reτ and fDarcy the following relation holds:

fDarcy = 128
(Reτ

Re

)2
(15)

To separate the effects of profile shape and channel deformation from the effects of varying the
flow rate (and thus Re), the Darcy friction coefficient was normalized by that holding for parallel
laminar flow in a void plane channel of indefinite width, i.e., 96/Re. Therefore, the following quantity
(F-ratio) was reported:

F =
fDarcy

96/Re
(16)

The local concentration polarization coefficient θwas defined as:

θ =
cb
cw

(17)

where cb is the molar bulk concentration and cw is the local molar concentration at the membrane
surface. Please note that defining the average polarization coefficient in such a way that it is lower
than 1 [10,16,51], the local polarization coefficient in Equation (17) refers to the case of either a dilute
channel of RED or a concentrate channel of ED, where the flux enters from membrane’s walls.

The Sherwood number was defined as

Sh =
jA

(cb − 〈cw〉)Aproj

2H
D

(18)
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in which Aproj is the projected membrane surface area and (cw) is the area average of cw on the same
membrane. Please note that the Sherwood numbers on the two membranes facing a channel may differ
depending on the flow direction.

3.3.3. Flow Attack Angle, Boundary Conditions and Simulation Settings

The flow attack angle γ is defined (Figure 1) as the angle formed by the flow direction with
the membrane ridges belonging to the upper wall of the channel under consideration. In this study,
the two values γ = 0◦ and 45◦ were considered; for symmetry reasons, the case γ = 90◦ exhibits the
same friction coefficient as the case γ = 0◦, while the surface distributions of local quantities such as
concentration, mass transfer coefficient (Sherwood number) and polarization coefficient on the upper
and lower walls of the channel simply exchange place and rotate by 90◦ with respect to the case γ = 0◦.

As mentioned in discussing the unit cell approach, translational periodicity was imposed for
u, p and c between opposite inlet-outlet boundaries. At the membrane surfaces, no slip conditions
were imposed for velocity and a uniform value of 2.6 × 10−4 mol/(m2s) for the molar salt flux entering
the fluid, corresponding to a current density of 50 A/m2. An NaCl aqueous solution at a bulk
concentration of 500 mol/m3 was considered (i.e., seawater, see physical properties reported in Table 4).
Please note that these choices on flux and bulk concentration affect directly the polarization coefficient
(Equation (17)), while, the Sherwood number depends only on geometry, Re and Sc, due to the linearity
of the transport Equation (8).

Table 4. Physical properties of the 500 mol/m3 NaCl solution at 25 ◦C.

Property Value Units

Density, ρ 1017 kg m−3

Viscosity, μ 0.931 × 10−3 N s m−2

Salt diffusivity, D 1.47 × 10−9 m2 s−1

Schmidt number, (μ/ρ)/D 622 -

3.3.4. FV Mesh for CFD Simulations

Mainly hexahedral meshes were adopted in the CFD simulations. Small regions at the corners
of the domain were discretized by tetrahedra (~4.4% of the total volumes), pyramids (~0.13%) and
wedges (~0.03%). Grid dependence was evaluated for P/H = 8 in the undeformed configuration
at Reτ ≈ 5, corresponding to a bulk Reynolds number of ~20. Therefore, the test case selected for
the grid-independence assessment lies well above the creeping flow range and close to the highest
Reynolds numbers investigated. Results are shown in Table 5, where the computed values of the Darcy
friction coefficient fDarcy and of the Sherwood number Sh are reported as functions of the number of
finite volumes.

Table 5. Grid dependence results (CFD).

FV CFD Mesh
No. Finite Volumes
(P/H = 8, Reτ = 5.2, γ = 0◦)

Darcy Friction
Coefficient

Sherwood Number
(Upper Wall)

Sherwood Number
(Lower Wall)

OCF-A 2.252 × 106 10.985 5.685 9.122
OCF-B 3.833 × 106 11.062 5.519 8.771
OCF-C 7.502 × 106 11.117 5.491 8.596

The mesh adopted for the final simulations (OCF-B) was characterized by about 4 million volumes.
The channel height H was resolved by 40 finite volumes. Details of the same mesh are presented in
Figure 12.

All simulations were conducted in double precision. The “High Resolution” (higher-order upwind)
interpolation scheme was adopted for the advection terms. In regard to convergence, iterations were
interrupted when the residuals of all variables became less than 10−10.
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Figure 12. Details of the mesh chosen for the final simulations (undeformed domain, P/H = 8).

4. Conclusions

Integrated mechanical and fluid dynamics simulations were performed for profiled membranes
of the OCF (“overlapped crossed filaments”) type. The membranes were treated as linearly elastic,
homogeneous and isotropic, and values of the Young modulus and of the Poisson ratio representative
of ion exchange membranes’ features (E = 150 MPa, ν = 0.4) were adopted.

Under these assumptions, the largest value of the pitch to height ratio withstanding a
trans-membrane pressure of 0.8 bar without collapsing (i.e., without exhibiting a contact between
opposite membranes) was found to be P/H = 8.

The influence of TMP (which was investigated here in the range −0.4–+0.4 bar) is an increase
of friction under compression conditions and a reduction of it (although to a lesser extent) under
expansion conditions. This imbalance of effects may produce an increase of total pressure drop in
the stack. The influence of the flow attack angle is negligible, indicating a substantial hydrodynamic
isotropy of the profiled membrane lattice at low Reynolds numbers.

The influence of TMP on the Sherwood number is more complex. On the whole, compression
enhances mass transfer and expansion reduces it; the influence of channel deformation on mass transfer
is less marked than on friction. Some anomalous behaviour of Sh is observed in the cases characterized
by γ = 90◦ and Re > ~50, in which the highest Sh is obtained for the largest expansion.

This study shows that TMP values of practical interest for ED/RED units can produce significant
effects on deformation, flow and concentration fields (and, thus, on hydraulic friction and mass transfer
coefficient). In general, other important quantities, e.g., Ohmic resistance, non-Ohmic resistance and
limiting current density, will also be affected.

As far as membrane manufacturers are concerned, the main suggestion arising from this study
is probably that stiffer membranes should be preferred in order to reduce the undesirable effects of
membrane deformation, which result in an impairment of the ED/RED equipment performance. On the
other hand, the current trend is towards the reduction of membrane thickness, mainly sought in order
to reduce Ohmic losses. Therefore, producing membranes with the highest possible Young modulus
(provided the membrane’s electrochemical behaviour is not impaired) will probably become a priority.

At a larger scale, combinations of geometric/mechanical features and operating conditions expose
ED/RED stacks to the risk of severe local deformations, providing a new set-up, different from the
nominal undeformed one, where all parameters are distributed as a result of a fluid-membrane
mechanical interaction. Therefore, the actual process performance may be heavily affected by an
imbalance of effects between compressed and expanded zones. This implies that the design and the
performance prediction of devices under realistic operating conditions should take into account the
membranes’ mechanical features.

From this perspective, correlations describing (a) the dependence of deformation on
trans-membrane pressure and (b) the dependence of friction coefficients and Sherwood numbers on
deformation, derived from the results of the present modelling approach, will be implemented into
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higher-scale (stack-level) models in order to close the fluid-structure interaction loop and characterize
the amount and effects of maldistribution phenomena. Moreover, the simulation method presented in
this study can be applied to the more traditional configurations of flat membranes with net spacers by
suitable adjustments.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/8/1840/
s1. Figure S1. Engineering Stress vs Strain curve of the anion exchange membrane tested immersed in water.
The linear elastic region is marked by a dashed line. The stress and strain at break are also highlighted. Figure S2.
Experimental setup. (a) Overall layout; (b) Bulge test cell and laser head; (c) Detail of the Plexiglas plates making
up the bulge test cell.
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Abstract: Profiled membranes (also known as corrugated membranes, micro-structured membranes,
patterned membranes, membranes with designed topography or notched membranes) are gaining
increasing academic and industrial attention and recognition as a viable alternative to flat membranes.
So far, profiled ion exchange membranes have shown to significantly improve the performance
of reverse electrodialysis (RED), and particularly, electrodialysis (ED) by eliminating the spacer
shadow effect and by inducing hydrodynamic changes, leading to ion transport rate enhancement.
The beneficial effects of profiled ion exchange membranes are strongly dependent on the shape
of their profiles (corrugations/patterns) as well as on the flow rate and salts’ concentration in the
feed streams. The enormous degree of freedom to create new profile geometries offers an exciting
opportunity to improve even more their performance. Additionally, the advent of new manufacturing
methods in the membrane field, such as 3D printing, is anticipated to allow a faster and an easier
way to create profiled membranes with different and complex geometries.

Keywords: ion exchange membranes; profiled membranes; corrugated membranes; electrodialysis;
reverse electrodialysis; membrane capacitive deionization; hydrodynamic; mass transfer; thermal
pressing; 3D printing

1. Introduction

Electro-membrane processes range from classical membrane electrolysis and electrodialysis to
emerging applications, such as reverse electrodialysis, membrane capacitive deionization, redox flow
batteries, microbial, and enzymatic fuel cells, and ion exchange membrane (bio)reactors. There is
an increasing worldwide interest in their use for clean water and renewable electrochemical energy
harvesting and storage [1–7], which has inspired fundamental and applied research on improving the
properties of their “key” components: the ion exchange membranes (IEMs).

Academia and industrial companies are usually focused on the development of tailored membrane
products best suited to satisfy specific process requirements, such as low membrane electric resistance,
monovalent ion perm-selectivity and/or antifouling properties [8–10]. Thus, material properties of
IEMs have been mainly studied, while the design and hydrodynamic of electromembrane devices
have suffered few alterations since the traditional plate-and-frame arrangement of flat membranes and
spacers have been, so far, the most common choice [11,12].

Recently, profiled membranes (also known as corrugated membranes, micro-structured
membranes, patterned membranes, membranes with designed topography or notched membranes)
are gaining more attention, mostly due to advances in their manufacturing, as well as improvement
of their performance, which depend on the shape, dimensions, orientation, and distribution of the
microscopic profiles (corrugations) on their surfaces. According to our best knowledge, based on the
information provided by Zabolotskii et al. [13], the idea of creating profiled ion-exchange membranes
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(i.e., with both membrane and spacer functionalities) emerged and was firstly implemented in the
decades of 70–80 of the 20th century in the former Union of Soviet Socialist Republics (U.S.S.R) with
the objective (successfully achieved) of accelerating the mass transfer processes in a electrodialyzer, by
increasing the available membrane surface area. Later, in 2009, Brauns [14] suggested to use profiled
ion exchange membranes also in reverse electrodialysis stacks in order to decrease their height, and
consequently, the pressure drop. Veerman et al. [15] proposed a fractal profiled membranes design for
reverse electrodialysis (RED) application to reduce the flow path in order to maximize salinity gradient.

In this review, we will focus especially on the developments and applications of profiled ion
exchange membranes during the last 10 years, which is also the most productive period regarding
their investigation. A critical discussion about the advantages and disadvantages of their use will be
provided in the context of their application in electrodialysis (ED) and reverse electrodialysis (RED).
We are also propose and discuss the possibility of using profiled membranes in membrane capacitive
deionization (MCDI), which could open opportunities for improving this novel process. Additionally,
a summary of the possible patches of preparing profiled membranes is presented, with a special focus
on additive manufacturing (3D printing) and its possible symbiosis with computational fluid dynamics
(CFD) studies.

2. Profiled Ion-Exchange Membranes (10 Years Ago)

In 2008, Larchet et al. [16] compared the performance of electrodialysis and electrodeionization
stacks with non-conductive spacers, profiled ion exchange membranes and ion-exchange resins.
Utilization of profiled membranes allowed for an effective production of drinking water from
brackish waters with larger salt concentration ranges than that achieved by other stack arrangements.
Utilization of profiled membranes obviates the need of using non-conductive spacers, thus increasing
the membrane surface area available for mass transfer. Also, a curved shape of profiled membrane
surface could facilitate initiation of electroconvection, which is favoured in dilute saline solutions and
allows for a better fluid mixing near the profiled membrane surface. Utilization of profiled membranes
for desalination of solutions with low conductivity showed to be more advantageous than the use of
non-conductive spacers, due to the reduction of electric resistance in the compartment. Grabowski [17]
reported final reduction of Reverse Osmosis (RO) permeate conductivity to approximately 2 μS/cm
with profiled membranes, in comparison to approximately 5 μS/cm when flat membranes and spacers
were used. Moreover, although there might exists a bipolar junction in the contact points between
profiled anion and cation exchange membranes where dissociation of water could be catalysed, it
has been pointed out that since the maximum local current density becomes lower when profiled
membranes are used, due to a higher available membrane area, the water splitting rate decreases,
which is very promising for production of high purity water [18]. Overall, the rate of mass transfer
increased significantly (by a factor of four) when profiled membranes were used, while the pressure
drop was similar to the one when non-profiled membranes were used.

In 2011, Vermaas et al. [19] first performed experimental tests in RED with profiled membranes
(reliefs were straight ridges oriented parallelly to the flow direction, see Figure 1a). A 10% higher
net power density was obtained when profiled membranes were used in comparison to the stack
with non-conductive spacers. The main improvements of using those profiled membranes were the
decrease by 30% of total electric resistance (mainly due to elimination of spacer shadow effect) and
a four times lower pressure drop. However, the diffusion boundary layer resistance (at a Reynolds
number of 5, when the highest net power density was obtained) was around 4.25 times higher when
profiled membranes were used (in comparison to the stack with spacers), since the solution mixing
promoted by profiled membranes was less efficient than the one offered by the spacers. Despite that,
the stacks with this particular profiled membrane were significantly less sensitive to fouling than
stacks with spacers [20], and easy to be cleaned [21] (Figure 1b), since the straight and parallel to the
flow relief of profiled membranes created open channels for fluid flow, where the foulants struggled to
get deposited.
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Figure 1. Profiled membranes with straight ridges parallel to the flow direction: (a) SEM-image of a
cross-section of the profiled cation-exchange membrane (CEM). Reproduced with permission from
Reference [19]. Copyright 2011 Elsevier; (b) Photo of 1 × 1 cm2 section of profiled CEM after more
than 60 days of reverse electrodialysis (RED) stack operation, in which air sparging was applied as
an antifouling strategy. Reproduced with permission from Reference [21]. Copyright 2016 American
Chemical Society.

The comparison between profiled membranes and spacers, as well as the advantages and
disadvantages of each one, obviously strongly depend on the shape of the reliefs, as well as the
quality of the spacers mesh. Moreover, the specific process operating conditions, a relatively high
current density, and higher flow rates used in ED, and a low current density and lower flow rates
applied in RED, influence the differences in hydrodynamic and mass transfer existing when spacers
or profiled membranes are used. Thus, for each application, and conditions, a different reliefs shape
might prove to be the optimal one, since the objectives of different electromembrane processes are
distinct. In ED, the main objective is to intensify the mass transfer, while in RED, it is desired to obtain
high net power density values, i.e., to maintain a low pressure drop (requiring less energy demand for
pumping) at a reasonably mass transfer rate.

3. Progresses in the Performance of Profiled Ion-Exchange Membranes

Guler et al. [22] investigated experimentally the performance of profiled membranes with
corrugations similar to straight-ridges, waves, and round pillars in RED stacks (Figure 2a,b). A 20%
higher net power density (in comparison to a stack with spacers) was obtained when pillar profiled
membranes were used, which also outperformed the other studied profiles, mainly due to the lowest
pressure drop observed in channels with pillar profiled membranes, and the lower increase of the
diffusion boundary layer resistance (it was still 1.5 times higher but, when straight-ridges were used
at the same operating conditions, it was 2.25 higher). Similar beneficial effects of hemispherical
protrusions, similar to pillar profiled membranes, were observed by Liu et al. [23] when used in
a microbial RED stack. Gurreri et al. [24] simulated, by CFD tools, the performance of profiled
membranes with squared and round pillars. Round pillars were anticipated to perform better than
squared pillars and their simulations are in accordance with previous findings, since the pumping
power consumption is expected to be lower when profiled membranes are used in comparison
to the use of spacers. However, they also observed the development of stagnant zones near the
pillar corrugations, which can be responsible for concentration polarization (and consequently, a
higher diffusion boundary layer resistance). Moreover, it was observed that pillar-kind corrugations,
independently of their exact shape (round, diamond, tear, etc.), lead to development of zones with poor
mixing upstream of the corrugations, which are very prone for deposition of foulants [25] (Figure 2c–e).
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Figure 2. Surface morphology of tailor-made profiled membranes with: (a) waves and (b) pillars
corrugations. Reproduced with permission from Reference [22]. Copyright 2014 Elsevier.; velocity
fields, obtained by computational fluid dynamics (CFD), around pillar structures with (c) round,
(d) diamond, and (e) tear shape, for a flow direction indicated by the upward arrow on the right.
Reproduced with permission from Reference [25]. Copyright 2010 Elsevier.

Fouling is a major issue in any membrane-based process, including the electromembrane
ones [26–29]. However, there are almost no reported experimental studies performed with natural
waters using profiled ion-exchange membranes, except for the already previously mentioned works
of Vermaas et al. [20,21]. In pressure-driven membrane-based processes, it has been seen that
surface patterning by nanoimprints made from the same material as membranes [30,31], or an
anti- or less-prone-to-fouling material such as titanium dioxide (TiO2) [32], has fouling mitigation
effects. Also, based on computational and experimental studies, some trends about the possible
relation between fouling and flow behaviour in channels formed by profiled membranes were
obtained. For example, utilization of prism corrugations equidistant by 400 μm in cross-flow filtration
enhanced vortex formation and reduced the mass of deposited foulants by around seven times in
comparison to flat membranes at Re = 1600 [33]. Increasing the wall shear stress was another effective
strategy for minimization of foulants deposition, which can be achieved by optimizing the shape of
corrugations [34] and/or increasing the linear flow velocity (Figure 3).
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Figure 3. An illustrative scheme of correlation of membrane fouling with topography of profiled
membranes in cross-flow filtration for water treatment. Re stands for Reynolds number. Particles are
represented in red and the prismatic membrane surface pattern by blue triangles. The bending arrows
illustrate particles entering and leaving locally created flow vortexes Reproduced with permission
from Reference [33]. Copyright 2016 Elsevier.

Zhao et al. [35] performed CFD simulations of notched membranes with different distribution of
squared corrugations on the membrane surface used in ED and observed that better hydrodynamic
conditions result from an increase of the flow velocity perpendicular to the membrane, which leads to
reduction of concentration polarization. However, they also observed that if the corrugations are very
close to each other, the flow behaviour becomes very similar to that of flat membranes, thus, the best
distance between corrugations and the size of their side was found to be equal to 120 μm.

Vermaas et al. [36] included sub-corrugations perpendicular to the flow in the channels formed
by straight-ridge profiles in a RED stack. However, such sub-corrugations did not create any vortices
since the velocity range in RED is too low. Instead, dead zones were formed in front and behind the
sub-corrugations, as observed by particle tracking velocimetry (PTV) (Figure 4). However, in ED, higher
flow rates and current densities (close to limiting and/or over-limiting current density) are used [37],
thus utilization of such sub-corrugations might promote electro-osmotic chaotic fluid instabilities, and
consequently enhance mass transfer [38–40]. Imprinting microgel patterns on membranes surfaces [41],
screening them with nonconductive strips [42,43] or coating by hydrophobic materials [44] can also
promote formation of such electro-convective vortices.
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Figure 4. Velocity fields, obtained by particle tracking velocimetry (PTV), of fluid flow between
sub-corrugated membranes for Reynold numbers (based on half the channel height), Reh of 10 and 100
in a RED application. Reproduced with permission from Reference [36]. Copyright 2014 Elsevier.

Pawlowski et al. [45], based on CFD studies, proposed the use of profiled membranes with
chevron (V-shaped) profiles for RED (Figure 5a). Instead of focusing on decreasing pressure drop, the
approach followed was mainly focused on improving the mass transfer. To create a channel for fluid
flow, two profiled membranes (bottom and top) should be aligned and stacked with the chevron tips
pointed into the opposite directions. In such a way, a very specific fluid pathway is created (the fluid
goes periodically up and down, and it is also distributed in the lateral directions), which promotes
convective phenomena (Figure 5b). Additionally, the linear flow velocity upstream to the corrugations
is high, which intensifies the mass transfer and should avoid accumulation of foulants in such critical
areas (Figure 5c). Although the pressure drop in channels with chevron profiled membranes was
anticipated to be higher (in comparison with pillar profiled membranes), the net power density values
were anticipated to be higher (for linear flow velocities lower than 1.5 cm/s) (Figure 5d), since chevron
corrugations promotes fluid mixing more effectively near the membrane interface, which enhances
local mass transfer. Besides the profiles shape, it was predicted that the maximum net power density
values also depend on the stack length. For a 10-cm long stack, chevron profiled membranes and linear
flow velocity between 0.5 and 1.0 cm/s were expected to be the best options. These predictions were
confirmed experimentally and an 8–14% increase of net power density was observed when chevron
profiled membranes were used instead of pillar profiled membranes or non-conductive spacers [46]
(Figure 5e). The pillar profiled membranes and non-conductive spacers had a similar performance,
since state-of-the art spacers (with very fine, elastic, and flexible filaments) were used in that study.
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Figure 5. Chevron profiled membranes used in RED: (a) SEM image of the surface morphology,
(b) segment of a channel formed by chevron profiled membranes; (c) map of mass transfer coefficient,
obtained by CFD, at two linear flow velocity of 1.0 cm/s, (d) comparison, based on CFD simulations,
of the ratio (θ) between net power density obtainable in RED stacks with different configurations and
the one obtainable in RED stack with empty channels, (e) experimental net power density obtained
in RED stacks with different configurations. Reproduced with permission from References [45,46].
Copyright 2016 and 2017, respectively, Elsevier.

Additionally, Pawlowski et al. [46] proposed a further simplification of chevron corrugations into
“chevron-crossed” corrugations, which is expected to facilitate assembling of large stacks, although at
“ideal” conditions, simulated by CFD, they would promote less convective phenomena than the original
chevron profiled membranes (but still more than pillar profiled membranes). La Cerva et al. [47]
simulated by CFD tools the performance of profiled membranes similar to the “chevron-crossed”
corrugations (the corrugations instead of rectangular are semi-cylindric), and referred to them as
“Overlapped Crossed Filaments” (OCF). The expected Sherwood number for chevron-crossed and
OCF corrugations, at flow angle attack of 45◦, and at the lowest simulated Re number is 10.7 [46]
and 12.6 [47], respectively, thus semi-cylindrical corrugations are expected to offer a slightly better
performance. Further optimizations for RED applications must also have in attention that the same
profiled membranes might not always have the same beneficial effects, as, e.g., the dilute feed stream
concentration influences the global stack performance [48]. For example, when compared with empty
channels, inclusion of profiled membranes leads to higher net power density values if the dilute saline
stream concentration is 0.01 M or lower, as this decreases significantly the electric resistance of the
dilute saline solution compartment.

Melnikov et al. [49] tested profiled membranes, which surface appears to be all covered by
corrugations with a shape of hemispheres (in the previously discussed cases there are clear gaps and
the corrugations are spaced between each other), in an ED treatment of secondary steam condensate
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obtained during production of ammonium nitrate. Again, the profiled membranes allowed for
an enhanced mass transfer, in comparison to that of using flat membranes made from the same
material, due to the reasons already discussed in Section 2. Moreover, the total cost of ammonium
nitrate treatment decreased from 0.106 €/kg to 0.061 €/kg when profiled membranes were used
(in comparison with flat membranes), since the required membrane area decreased by 30% and the
estimated additional cost of preparing such profiled membranes by thermal pressing is low (just
7 €/m2) (Figure 6). Vasil’eva et al. [50] tested such profiled membranes in a diffusion dialysis process
for separation and purification of amino acids. A maximum 8-fold increase of phenylalanine flux was
documented, when profiled instead of flat membranes were used, since the available membrane area
for mass transfer increased 2.3 times and the diffusion boundary layer thickness was reduced due to
more favourable hydrodynamic conditions, resulting from the curvature of the membrane surface.

 

Figure 6. Economic evaluation of an ammonium nitrate treatment process using different
anion-exchange membranes (AEM), in which Ralex AMH, MA-41 and MA-40 are flat, MA-41p is
a profiled (subscript “p”) version of MA-41, which surface denoted by (a) is shown on the right
with a scale bar of 100 μm. aPrices are given for the year 2011. (Reproduced with permission from
Reference [49]. Copyright 2016 Elsevier).

4. Profiled Membranes for Membrane Capacitive Deionization (MCDI)

As it can be seen, utilization of profiled membranes in ion-exchange membrane processes such
as electrodialysis, electrodeionization, reverse electrodialysis, and diffusion dialysis have led to
improvements in their performance in comparison to the utilization of flat membranes. We are therefore
suggesting that the next electromembrane process, in which profiled ion-exchange membranes might
have a bright future could be membrane capacitive deionization (MCDI). Membrane capacitive
deionization cell architecture consists in modifying the classical capacitive deionization (CDI) cell
design by placing an appropriate ion-exchange membrane in front of each electrode (CEM near cathode
and AEM near anode). In such arrangement, the respective membranes block co-ions transport
(i.e., occurrence of parasitic current), thus leading to improvement of charge efficiency and an increase
of salt storage in the macropores of the corresponding electrodes [51]. However, the inclusion of
membranes adds also an additional electric resistance (of the membranes themselves and of the
associated diffusion boundary layers) to the system. Therefore, utilization of profiled ion-exchange
membranes, besides granting a selective counter-ion transport, might also offer a larger area for mass
transfer and a lower diffusion boundary layer resistance. Moreover, such beneficial effects are enhanced
(as seen for the case of electrodialysis) at high feed streams flow rates, low solutions concentrations
and high current densities, which are also the operating conditions relevant to MCDI.

5. Preparation of Profiled Ion Exchange Membranes

Profiled ion exchange membranes can be prepared by three main approaches: hot (thermal)
pressing (Figure 7a), membrane casting (Figure 7b), and 3D printing (photopolymerization)
(Figure 7c,d).
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Figure 7. Different possible pathways for preparation of profiled ion exchange membranes: (a) hot
pressing; (b) membrane casting (Adapted from Reference [22]); (c) Direct 3D printing (Reproduced
with permission from Reference [52]. Copyright 2016 American Chemical Society.); (d) 3D printing on
top of a commercial membrane (Reproduced with permission from Reference [53]. Copyright 2018
Timon Rijnaarts).
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Hot pressing (Figure 7a) is a relatively easily preparation method, in which a dry flat heterogenous
ion exchange membrane is first sandwiched between moulds with a desired subsequent corrugations
shape and then placed in a thermal press, where the whole set-up is heated. While the membrane
material melts, the moulds are pressed against each other, thus originating formation of the
corrugations while the area between them is compressed [19,46]. In this way, when cooled, the
new shape of the profiled membrane is formed. Releasing a profiled membrane from the mould is a
delicate procedure, but it can be facilitated by using releasing agents, which are initially sprayed on the
flat membrane surface [19]. Also, in order to assure an easier and complete release of the membranes
from the moulds, without breaking the corrugations, their height should not be bigger than their
width [46]. Alternatively, instead of using moulds, spacers can be pressed against the membranes
to create channels on their surface [35]; however, the resolution of the corrugations shape and their
dimensions are lower.

Since membranes dry when heated and pressed, if they are then brought into contact with
an aqueous medium, they will swell. The corrugations overall shape remains the same, but their
dimensions increase (differently for AEM and CEM, according to their materials swelling tendency) [46].
The concentration of saline streams also influences membranes swelling (higher volumetric changes
are observed for membranes in contact with dilute solutions) [54]. Therefore, this phenomenon must
be considered when the moulds’ dimensions are designed. Recently, hot pressing of previously
swollen flat membranes was tested but, unfortunately, the data regarding corrugations fidelity are
not available [49]. Nevertheless, since the fraction of the surface area occupied by ion exchange resin
particle was 25% for a profiled membrane swollen a priori, and just 12% for a profiled membrane
obtained from a dry material (for a flat membrane the mentioned fraction was 15%), the mass transfer
surface was twice higher [50].

Hot pressing of the membranes might lead to some alteration of their material properties [13,55],
but usually they are beneficial. For example, the conductivity and effective specific resistance of
Ralex AMH-PES heterogeneous anion-exchange membrane increased from 9.1 to 13.9 mS/cm [19]
and decreased from 195 to 111 Ωcm [46], respectively, but no significant alterations were observed
after hot pressing of a Ralex CMH-PES heterogeneous cation-exchange membrane. Most probably,
during melting, the percolating pathway through the Ralex AMH-PES membrane was improved. Only
heterogeneous ion exchange membranes could be profiled by hot pressing since homogeneous ion
exchange membranes are often cross-linked, thus cannot be melted.

Membrane casting (Figure 7b) offers the possibility of preparing profiled membranes from a
homogeneous material. The materials and operating conditions used for preparation of a profiled
homogeneous ion exchange membrane are the same as for a flat membrane with the following
difference: the initial membrane solution is casted onto a corrugated mould (could be the same as
the one used for hot pressing) instead on the surface of a flat plate [22,23]. The thickness of the
non-profiled parts of the membrane (therefore the membrane base) can be adjusted by changing the
volume or concentration of the membrane-forming solution spread on the mould, while the size
of the corrugations depends from the mould shape. The so far used membrane casting of profiled
ion exchange membranes was always based on phase inversion (meaning solvent evaporation and
solidification of membrane material in the mould) [22,23]. The disadvantage of membrane casting over
hot pressing is the difficulty of releasing the profiled membranes formed from the mould, as many of
them break during the process. Alternatively, a spacer structure can be replicated on a membrane by
“capillary force induced surface structuring” [56], in which the top layer (of an adjustable thickness) is
modified by placing a spacer on its surface, while the solvent is evaporated (therefore the membrane
is created by a phase inversion method as in the previous examples). The main disadvantage of this
method is the same as the one previously mentioned regarding the use of spacers in hot pressing.

Finally, 3D printing enables almost infinite possibilities for rapid prototyping of target
materials, with different shapes and in different fields, by a number of available methods [57,58].
Considering fabrication of profiled ion exchange membranes, the most promising technique seems to

298



Int. J. Mol. Sci. 2019, 20, 165

be photopolymerization due to an easier and “greener” way of preparing ion exchange membranes by
this method [59]. Seo et al. [52] prepared profiled AEMs via a photoinitiated free radical polymerization
and quaternization process. A photocurable formulation (a mixture of, commercially available,
oligomers, functional monomers and photoinitiators), can be directly cured into patterned films
using a 3D photolithographic printer (Figure 7c). Depending of the initial composition of photocurable
formulation, the final membrane material properties such as water uptake, permselectivity (which
are all independent of a membrane being flat or profiled) and the ionic resistance (which is lower
for profiled patterned membranes when compared with that of flat membranes of the same material
volume) can be optimized [52]. Such an approach of preparing profiled ion exchange membranes
is fast, solvent-free and occurs at ambient temperature. In any case, there is still a large margin for
future progress in 3D printing of profiled membranes since, due to bleeding during curing, replication
errors and a low-profile resolution are currently frequent [60]. Alternatively, the corrugations can be
deposited on the top of a commercially-available membrane [53] (Figure 7d). 3D printing opens also an
exciting new opportunity to create homogeneous profiled membranes with different shapes (Figure 8),
which can be firstly designed and optimized by CFD simulations. 3D printers receive information
about an object to be printed in a form of an .stl (stereolithography) file, which can be also used to
define the geometry of computational domain in CFD studies [61]. Therefore, it becomes possible to
change the information saved in .stl files and simulate fluid behaviour in channels formed by different
corrugations, and then just print those profiled membranes, which CFD simulated performance would
be promising.

 

Figure 8. Illustrative examples (from References [52,60] of micro-patterned profiled ion exchange
membranes prepared by 3D printing, (Reproduced with permission, Copyright 2016 and 2018,
respectively, American Chemical Society).
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6. Conclusions

Development of profiled ion exchange membranes have seen significant improvements over
the last decade. So far, they have been already applied in research studies for electrodialysis,
electrodeionization, reverse electrodialysis, and diffusion dialysis. In all these electromembrane-based
processes, the utilization of profiled membranes improved their performance but, especially notorious,
are their beneficial effects in electrodialysis. At high flow rates and current densities, profiled
membranes facilitate formation of electroconvective vortexes, which enhance mass transfer and
reduce deposition of foulants. Other mechanisms, which also promote ion transport enhancement are:
lower water splitting rate; intensified hydrodynamic conditions, which lead to a decreased diffusion
boundary layer thickness; and increase of active membrane area due to elimination of non-conductive
spacers presence which also leads to a lower electric resistance. Thus, ultimately, profiled membranes
should be designed with the objective of promoting convective phenomena. To achieve this, there is
a large freedom in designing and testing (experimentally and/or by CFD simulations) novel forms,
geometries, and shapes of corrugations. In a near future, manufacturing of such profiled membranes,
with or without complex geometries, might see a significant progress due to the rapid advent of
methods such as 3D printing. Novel applications of profiled ion exchange membranes are also
envisaged in emerging processes, such as membrane capacitive deionization (MCDI).
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Abstract: The electro-kinetic instability in a pressure driven shear flow near an ion exchange membrane
is considered. The electrochemical system, through which an electrical potential drop is applied,
consists in a polarization layer in contact with the membrane and a bulk. The numerical investigation
contained two aspects: analysis of the instability modes and description of the Lagrangian transport
of fluid and ions. Regarding the first aspect, the modes were analyzed as a function of the potential
drop. The analysis revealed how the spatial distribution of forces controls the dynamics of vortex
association and dissociation. In particular, the birth of a counter-clockwise vortex between two
clockwise vortices, and the initiation of clusters constituting one or two envelopes wrapping a vortex
group, were examined. In regards to the second aspect, the trajectories were computed with the
fourth order Runge Kutta scheme for the time integration and with the biquadratric upstream scheme
for the spatial and time interpolation of the fluid velocity and the ion flux. The results for the periodic
mode showed two kinds of trajectories: the trochoidal motion and the longitudinal one coupled with
a periodic transverse motion. For the aperiodic modes, other mechanisms appeared, such as ejection
from the mixing layer, trapping by a growing vortex or merging vortices. The analysis of the local
velocity field, the vortices’ shape, the spatial distribution of the forces and the ion flux components
explained these trajectories.

Keywords: ion exchange membranes; electro-convective instability; overlimiting current; concentration
polarisation; particle tracking

1. Introduction

Ion exchange membranes play an important role for a wide range of engineering applications [1].
These applications can be divided in two main groups: separation processes and energy production and
conversion. The main processes gathered in the separation field are electrodialysis (water desalination
and salt pre-concentration), diffusion dialysis (acid and base recovery from industrial waste water),
bipolar membrane electrodialysis (production of acids and bases), continuous electro-deionization
(production of ultrapure water), and capacitive deionization (water desalination and water softening).
Energy production and storage include reverse electrodialysis, fuel cells and redox flow batteries [2,3].
The recent development of microscale devices, such as microfuel cells, lab-on-a-chip biomolecule sensing
and micropumps, use electro-kinetic phenomena in the presence of ion exchange membranes [4–6].
These membranes are mainly polymeric matrices composed of backbones on which cationic or anionic
groups are attached. Owing to the key role of the ion exchange membrane, the role of the functional
groups, polymer architecture and chemical procedure of functionalization have been extensively
studied and have led to a very wide variety of membranes [1,7]. In the case of microscale devices,
a new class of membrane seems to be promising. The structure of these materials is inspired by
biological processes, such as enzymatic catalysis or transport regulation of species through membrane
proteins [8–11].
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Electro-convective instability involving an ion exchange membrane was predicted for the first time
by Rubinstein and Zaltzman [12–16]. The authors showed by means of an asymptotic expansion that
the deformation of the non-equilibrium electric double layer (EDL) induces a longitudinal force (along
the membrane) initiating fluid motion [13,14]. This new kind of instability, confirmed by experimental
visualizations [17–23], enhances the ion flux through the membrane system. This phenomenon is all the
more important because electro-convective instability occurs at the microscale as it is not bound to the
Reynolds number but to the non-linear coupling between the ionic charge density and the electric field.

Three regimes are commonly observed in a current–voltage response when a potential drop (ΔΦ)
is applied normal to the membrane system (see Figure 1). For a small potential drop (region (1)), the
ionic conductivity is constant (Ohmic regime). The polarization layer constitutes an electroneutral
diffusion layer, over which the concentration gradient is constant, and a quasi-equilibrium EDL. The
concentration gradient increases with ΔΦ, which means that the width of the diffusion layer decreases.
It follows that beyond a first potential threshold ΔΦ* (region (2)), the conductivity cancels and the
current density reaches a plateau (limiting current regime) [24–26]. A new layer, called the extended
space charge (ESC) region, appears between the diffusion layer and the quasi-equilibrium EDL [12].
The ESC region and the quasi-equilibrium EDL form the non-equilibrium EDL. In the ESC region,
the electro-neutrality is not fulfilled. The ESC width increases with ΔΦ. Beyond a second threshold
ΔΦ** (region (3)), the non-equilibrium EDL becomes unstable. A longitudinal electric charge gradient,
located in this layer, induces an electric and a pressure force along the membrane surface. The enhanced
ionic transport leads to an increase in current density [27–30]. This last regime is called the over-limiting
current regime. The diffusion layer is moved away from the membrane and a new layer, called the
mixing layer, takes place between the diffusion one and the non-equilibrium EDL. The width of the
mixing layer is much higher than the vortex size owing to a plume of small ion concentration in the
region of the rising fluid [21,28,31].

Figure 1. Schematic drawing of the current density (I) vs. potential drop (ΔΦ) over a membrane system.
The regions (1), (2) and (3) localize the Ohmic regime, the limiting current regime and the overlimiting
current regime respectively.

Direct numerical simulations are necessary to reach a complete understanding of the
electro-kinetic instability mechanism. With this aim, the Navier–Stokes equation, coupled with
the Poisson–Nernst–Planck systems, has been solved in previous works for the case of one or two
membranes immersed in a stationary reservoir. In this context, instability modes, transition to chaotic
motion, 3D electro-convective pattern, bifurcation, non-ideal selectivity and chaotic mixing were
investigated [28,31–37]. Recently, the influence of surface heterogeneity on the electro-instability has
also been investigated by direct simulations and experimental visualizations [38,39]. In particular, the
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authors [38] have studied how the electric field, bended by an array of charged P2VP microgels coated
on Nafion membranes, enhances the ionic transfer.

Few studies have been published in the case of electro-kinetic instabilities in the presence of an
imposed inflow. Kwak et al. [18] found a scaling law governing the vortex thickness. The authors
also observed that the vortex advection velocity is dependent on the imposed mean velocity. In a 3D
approach, experiments and simulations reveal parallel helical vortices and a merging process along the
channel [40]. Nikonenko’s group [28,41] described the instability mode appearing successively during
a linear potential sweep. The authors observed first a periodic mode with a time period about 0.9 s,
when ΔΦ is close to the instability threshold. For a higher potential drop, they observed regularly
spaced clusters of counter-rotating vortices. They noticed that vortices can emerge in these clusters.
This research group also analyzed the width of different zones of the diffusion layer as a function of
the current density. In particular, they found an agreement between experiments and simulations in
spite of the difference of inlet concentration.

Despite the quality of the published results, the mechanisms controlling the instability modes
remain only partially understood. The goal of the current work is to intend to explain some processes
like vortex dissociation/association, counter-clockwise vortex birth and also time evolution of the
cluster structure by considering the spatial distribution of the electric and pressure force. As in previous
publications [28,33,40,41], the fluid flow is visualized by means of streamlines computed at a given
time. Therefore, the time evolution of the vortex layer is a snapshot series of these streamlines named
‘static’ (SSL) in the article. However, considering the unsteady fluid flow, the fully Lagrangian approach
provides access to the real hydrodynamics. This is visualized by trajectories called ‘dynamic’ (DSL)
streamlines in the present work. So, in a second step, the close relation and complementarity between
these ‘dynamic’ streamlines and the vortices computed with the SSL are clearly identified and analyzed
with the spatial distribution of force and kinetic energy. This gives a new insight into the role of the
vortices in the fluid motion and of the relation between the diffusion layer and the real instability layer.
This approach is also extended to ion transfer in the periodic mode. Finally, the results are summarized
in the conclusion.

2. Theory

2.1. Model and Governing Equations

The elementary electrodialytic cell consists of a channel between two parallel ion exchange
membranes. The electrolyte solution enters one end of the channel and exits from the other. The
transverse electric potential drop, imposed at the two outer sides of the membranes, induces two
polarization layers at their inner sides [41]. In the current work (Figure 2), the membrane system
consists of one polarization layer close to a cation exchange membrane of length Lz. The bulk is located
at Lx from the membrane. At the inlet (z = 0), the ionic concentration is co, a constant transverse
potential gradient ΔΦ/Lx is imposed and a part of the Poiseuille profile is prescribed depending on
the distance between the two membranes Lm(> Lx). At the membrane surface (x = 0), the cation
concentration is c+interf, the anion flux and the electric potential are zero. These two last conditions
mean that the membrane is ideally selective and its electrical resistivity is zero as well. At the bulk
limit (x = Lx), the potential and the ion concentration are imposed constant and equal to ΔΦ and
co, respectively. The fluid velocity is longitudinal and equal to Uslip. Figure 3 displays a snapshot
of cationic profiles and streamlines for two values of ΔΦ in the case of the monovalent electrolyte
(Na+, Cl−).
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Figure 2. Schematic representation of the numerical model: an electric potential drop ΔΦ is imposed
over the width of the electrolyte layer (polarization layer) lying between a bulk, containing an
electrolyte solution of concentration co and a cation exchange membrane at the surface of which the
cation concentration c+interf and a non-flux of co-ions are imposed. A Poiseuille flow is imposed at
the inlet.
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Figure 3. Current density vs. potential drop. (A): mean current density through the domain (I);
(B): current density at the membrane surface (Im). The red vertical bars represent the variance of the
current density signal.
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The incompressible fluid motion is described by the Stokes equation (Equation (1)) coupled with
the continuity equation (Equation (2)). The ionic transport is governed by the Nernst–Planck equation
(Equation (3)) and the electric potential is related to the local ionic concentration by the Poisson equation
(Equation (4)):

0 = −→∇P + μΔ
→
U − ρ f

(
z+c+ + z−c−

)→∇Φ (1)

→∇·→U = 0 (2)

d
dt

c± =
∂
∂t

c± +
→
U·→∇c± = D±

→∇·
(→∇c± + z±c±

kBT

→∇Φ
)

(3)

− ε0εrΔΦ = Q = z+c+ + z−c− (4)

Here P is the pressure, μ is the dynamic viscosity,
→
U is the fluid velocity, ρ f is the fluid density, z±

is the charge of the cation and the anion, c± is the concentration of the cation and of the anion, Φ is the
electric potential, t is the time, D± is the diffusion coefficient of the cation and of the anion, Q is the
electric charge density, εo and εr are the permittivity of the vacuum and the relative permittivity of the
solution, respectively, and kB and T are the Boltzmann constant and the temperature, respectively.

These equations are scaled as in Druzgalski et al. [31]. The characteristic parameters are the
transverse length Lx, the diffusional time tdi f f = L2

x/Dre f , the diffusional velocity Udi f f = Dre f /Lx,
the thermodynamic potential ΦT = kBT/e, the ‘osmotic’ pressure Po = μDre f /L2

x and the bulk
concentration co. Here e is the elementary charge, Dre f is a reference diffusion coefficient whose value is
arbitrary. For a symmetric univalent electrolyte, Equations (1)–(4), in their dimensionless form, become:

0 = −→∇P + Δ
→
U − Pe

2ν2

(
c+ − c−

)→∇Φ (5)

→∇·→U = 0 (6)

d
dt

c± =
∂
∂t

c± +
→
U·→∇c± = D±

→∇·
(→∇c± ± c±

→∇Φ
)

(7)

− 2ν2ΔΦ = Q = c+ − c− (8)

Here Pe and ν are the Peclet number and the dimensionless Debye length, respectively:

Pe =
εoεr

μDre f

(
kBT

e

)2
(9)

ν =
λd
Lx

with λd =

(
εoεrkBT

2e2co

)1/2

(10)

For simple ions, the diffusion coefficient is roughly 10−9 m2/s. Hence, this value will be used
to define Dre f and the value of Pe is imposed equal to 0.5. Therefore, if Lx = 0.1 mm and ν = 10−3,
then λd = 100 nm, co = 10−5 M (T = 300 K) and the diffusional time is 10 s. In what follows, the
dimensionless variables will be used. Therefore, the value of dimensionless transverse length Lx and
of the dimensionless bulk concentration co are equal to 1.

The boundary conditions used at the fluid/membrane interface are the no-slip condition, and
the imposed value of the cationic concentration c+interf is assumed to be equal to co. At the inlet, the
imposed velocity profile has the following expression:

Uz = 6〈Uz〉 x
Lm

( x
Lm
− 1
)

(11)
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In this expression, 〈Uz〉 is the longitudinal velocity averaged over the distance between the two
membranes and x ranges from 0 to Lx. Therefore, the slip velocity imposed at the bulk boundary is
Uslip = Uz(z = 0, x = Lx) = 6〈Uz〉Lx/Lm(Lx/Lm − 1). At the outlet (z = Lz), the equality of the velocity,
of the ion concentration and of the electric potential are imposed on the two sides of the boundary [18].
As the Stokes equation is solved with the finite volume method, the pressure is linearly extrapolated at
all the domain boundaries.

At the membrane surface, the no-slip boundary condition is usually applied. However, the
slip condition can be justified by the hydrophobic property of membranes. The velocity slip is
modeled by the Navier equation, which is characterized by the slip length. The value of this
parameter depends on the degree of hydrophobicity and heterogeneity. It is admitted that it is lower
than 100 nm for a homogeneous surface and may reach a few micrometers for a grooved surface
(superhydrophobicity) [42,43]. Experiments on cation exchange membranes have shown that surface
modification by hydrophobization enhances the electro-convection [44,45]. The instability threshold
is displaced to lower values of ΔΦ, and at a given value of ΔΦ, the current density increases. The
consequence is that water splitting and salt precipitation are reduced. Numerical simulations [41,46]
confirm the experimental observations. Shelistov et al. [46] have shown that moderate hydrophobicity
increases the critical wavelength and the maximal growth rate, and the unsteady mode appears at
lower values of ΔΦ as the hydrophobicity increases.

In this study, Lz = 6Lx and Lm = (10/3)Lx, 〈Uz〉 = 240 (8 mm/s), and ΔΦ varies up to 35
(0.9 V). Two values of νwere used (10−3 and 1/3× 10−3) and two cases were also considered for D±
(D+ = D− = 1 and D+ = DNa+ = 1.33, D− = DCl− = 2.06). In the following, the ionic flux and the
current density are defined in their dimensionless form:

→
J ± = c±

→
U −D±

(→∇c± ± c±
→∇Φ
)

and I =
〈(→

I
)

x

〉
Ω
=

1
A

∫
Ω

((→
J +
)

x
−
(→

J −
)

x

)
dA (12)

In this equation, A is the area of the computational domain Ω.

2.2. Numerical Method

2.2.1. Stokes and Poisson–Nernst–Planck Equations

The same discretization method and structured grid refinement as the previous article [37] were
used. The number of nodes is 180 and 384 in the transverse and longitudinal direction, respectively.
In the transverse direction, the common ratio of the geometric series is 0.0234. In the longitudinal
direction, the refinement threshold is 2.5 Equations (5)–(8) are integrated in time with a time step δt
of 10−4.

2.2.2. Streamlines

In References [18,28,30–32,40,41] the hydrodynamic streamlines were computed with the velocity
field at a given time. In the present work, these streamlines are named static streamlines (SSL) and
are computed with Matlab. In Section 3.2, the instability structure is analyzed with the SSL. They are
visualized in black in Figure 4 for example. In Section 3.3, the real trajectories of the fluid elements
and ions are computed with the numerical method described below. These trajectories will be named
dynamic streamlines (DSL) owing to the use of the unsteady fluid and ion transfer. The trajectories are
displayed in red in Section 3.3.
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Figure 4. Color plot of the cationic concentration. (A): ΔΦ = 22, (B): ΔΦ = 30. The black lines represent
the static streamlines.

Two kinds of dynamic streamlines are computed in this work: the hydrodynamic and the ionic one.
As regards to the ions, their local velocity is computed by means of the ratio between the flux density

and the concentration:
→
J
±

/c±. As the velocity field and the spatial distribution of concentrations
and potential are unsteady, the time integration is performed by means of the fourth order Runge
Kutta method.

Consider an elementary volume of fluid located at the point (zo, xo) at time to. Four Eulerian
values of velocity are needed to compute the Lagrangian one:

→
U1 =

→
U(zo, xo, to)

→
U2 =

→
U
(
zo +

(→
U1

)
z
× δt/2, xo +

(→
U1

)
x
× δt/2, to + δt/2

)
→
U3 =

→
U
(
zo +

(→
U2

)
z
× δt/2, xo +

(→
U2

)
x
× δt/2, to + δt/2

)
(13)

→
U4 =

→
U
(
zo +

(→
U3

)
z
× δt, xo +

(→
U3

)
x
× δt, to + δt

)
The Eulerian fluid velocity

→
U1 at a point (zo, xo) at time to is computed by a spatial interpolation

with an upstream biquadratic polynomial.
→
U2 is computed in two steps. First a quadratic time

interpolation of the nine velocities, used for the spatial interpolation, must be carried out because
→
U2 is

determined at the intermediate time to + δt/2. Then the spatial upstream biquadratic interpolation
is performed with the velocities interpolated in time. The time interpolation is performed with the

velocity fields at time to − δt, to, and to + δt. The velocities
→
U3 and

→
U4 are computed in the same way as

→
U2 and

→
U1 , respectively. The computation of the ionic Lagrangian velocity is carried out in the same

manner with the three flux contributions (
→
J
±
Co = c±

→
U,
→
J
±
Fi = −D±

→∇c±,
→
J
±
Em = ∓D±c±

→∇Φ) and with the
ion concentration; here Co, Fi and Em mean convective, Fickian and electro-migration contribution,
respectively. The interpolated flux is divided by the interpolated concentration to determine the

four
→
U
±

.
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3. Numerical Results

3.1. Comparison with Published Results

To validate the numerical method, the results were compared to those published in
References [18,28,41]. To my knowledge, no analytical solution is available in the literature. Several
analyses of the polarization layer structure in an over-limiting regime have been carried out by
assuming 1D ion transfer at steady state (see Zaltzman et al. [14] and references therein). With these
assumptions, the electric field is a solution of the 2nd kind Painlevé equation which does not admit a
simple analytical solution.

Figure 3 shows the mean current density through the boundary layer (I) and through the membrane
surface (Im) as a function of the potential drop. Three series of computations were carried out. Each
point of the curves corresponds to the value of the current density averaged in time at a prescribed
potential drop. In the Ohmic and limiting regimes, the potential drop increases by a step of 2.5
until it reaches a value of 21. In the over-limiting regime, a first series is carried out with D± = 1,
ν = 1/3× 10−3. Beyond the value of 22, the initial condition is the unsteady solution at the previous
value of ΔΦ. Concerning the other series, the initial condition at a given potential drop is the unsteady
solution of the first series with the same value of ΔΦ in order to reduce the transitory period. The series
1 and 2 (D+ = DNa+, D− = DCl−, ν = 1/3 × 10−3) will be used for the comparison with published
numerical results and theoretical ones. The 3rd series is computed with D± = 1 and ν = 10−3. The
time average of the current density is computed after a stabilization period of the current signal. By
stabilization it is not meant that steady state is recovered. The transitory period can take several
hundred time steps, especially after a jump of the potential. The current density is averaged over
one to two thousand time steps. In Sections 3.2 and 3.3, the instability structure and the dynamic
streamlines are analyzed after the transitory period.

These series show that the over-limiting threshold values lie between ΔΦ = 21 and 22 (0.57 V).
This value, slightly sensitive to the diffusion coefficient and the length ratio ν, is higher than the value
found in the case of periodic conditions [31,37]. In Nikonenko et al. [28], an expression of the local
limiting current density, in the case of a laminar flow between two plates, was proposed. Averaged
over the domain length, the limiting current density Ilim has the following expression (Equation (17.56)
in Newmann et al. [47]):

Ilim =
2
Lx

⎡⎢⎢⎢⎢⎢⎣1.47
(

L2
x〈Uz〉
LzD

)1/3⎤⎥⎥⎥⎥⎥⎦ (14)

where D = 2D+D−/(D+ + D−). The expression (14) is equivalent to Equation (3b) in
Nikonenko et al. [28] because the cation transfer numbers T1 and t1 are equal to 1 and 0.5, respectively.
In Equation (14) Lx is used instead of Lm because the potential drop is imposed over Lx. In the same
idea, 〈Uz〉 is the inlet velocity averaged over the computational domain width. This relation gives a
value of 9 and 12.4 for the series 1 and 2, respectively. Therefore, it seems from Figure 3 that I is the
relevant quantity in the present model.

Let us compare the cation profiles obtained in the present work and those published in
References [28,41]. The authors investigated the ion transfer between an anion exchange membrane
and a cation one. In Urtenov et al. [41], the two membranes were non-ideal, i.e., co-ions could cross
the membranes. The potential drop is imposed at the outer membrane surfaces. In this publication,
Figure 5 shows the static streamlines and the map of the cation concentration with the parameter
values Lx = Lm = 1 mm, Lz = 2 mm, ν = 10−4, 〈Uz〉 = 8× 10−4 ms−1, D+/− = DNa+/Cl−. Therefore,
if a part of the domain is modeled, i.e., Lx = 0.3 mm, one obtains ν = 1/3× 10−3, which corresponds to
series 2 if D+/− = DNa+/Cl−. However, the value of the potential threshold is close to 1 V instead of
0.57 V. Two reasons may explain this difference in value: (1) The potential gradient is located mainly
in high resistance regions, i.e., where the ion concentration is low. So, the transverse gradient takes
place in the two polarization layers [28,41]. Assuming the problem is symmetric, the potential drop
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through the cationic polarization layer would be equal to about half of the overall potential drop.
(2) The membranes have a non-zero electrical resistivity and the potential drop is imposed outside the
electro-dialytic cell. These two conditions lead to an increase in the potential threshold. However, it
also seems that the potential threshold depends on Lm [28,41]. At the threshold, the authors [41] found
that the outlet cation concentration was equal to 0.6 at x = xc+=0.6 = Lm/10 (100 μm) from the cation
exchange membrane, which corresponds to Lx/3 in the present work at ΔΦ = 22 (see Figure 4A).
Their values ΔΦ = 1.8 V, c+ = 0.6 at xc+=0.6 = Lm/7 (140 μm) correspond to ΔΦ = 30 = 1.4 × 21.5,
c+ = 0.6 at xc+=0.6 = 0.5Lx (150 μm) found here. The counterion concentration color map shown in
Figure A2 (Nikonenko et al. [28]) come from simulations carried out with the same type of membrane
cell (Lx = Lm = 0.5 mm, Lz = 2 mm, 〈Uz〉 = 8 × 10−4 ms−1, D+/− = DNa+/Cl−) and with several
inlet ion concentrations. Two cases may be used for comparison: ν = 2 × 10−4 (Figure A2a) and
ν = 6× 10−5 (Figure A2b). In these Figures ΔΦ = 1.43ΔΦ∗∗ with ΔΦ∗∗ = 0.7V. In the present work,
Lm = 0.5 mm and ΔΦ = 1.43ΔΦ∗∗ correspond to Lx = 0.15 mm and ΔΦ = 31, respectively. In Figure
A2a,b, c+/co = 0.6 at xc+=0.6 = 0.6Lx (90 μm), which is close to xc+=0.6 = 0.5Lx (75 μm) obtained with
ν = 1/3× 10−3 (Figure 4B). The color bar range in terms of dimensionless concentration is assumed to
be identical to the range in Figure 5 (Urtenov et al. [40]). The values of xc+=0.6 are given in Table 1.

Table 1. Width cation boundary layer defined by c+ = 0.6 at the outlet of the domain. 1st row: published
values (Nikonenko et al. [28] and Urtenov et al. [41]). 2nd row: this work.

xc+=0.6 100 μm [41] 140 μm [41] 90 μm [28]

xc+=0.6 100 μm 150 μm 75 μm

Kwak et al. [18] found a linear correlation between the vortex size δv and the potential drop ΔΦv

over δv: δv/Lm = a
(
ΔΦ2

v/〈Uz〉
)1/3

+ b where 〈Uz〉 is the mean inlet velocity (see Table 2). With their
numerical model, Urtenov et al. [41] verified this linear behavior. In the present work, as ΔΦ increases
from 23 to 30 (Figure 4), at the outlet ΔΦv and δv/Lm increase from 19.4 to 25.7 and from 0.04 to 0.07,
respectively. If the velocity is averaged over Lx, the values of a and b are very close to those found by
Urtenov et al. [41] (Table 2). Similar values are found if the velocity is averaged over Lm (a = 0.0215,
b = 0.107).

Table 2. Parameter values of the correlation δv/Lm = a
(
ΔΦ2

v/〈Uz〉
)1/3

+ b. 1st and 2nd columns:
published values. 3rd columns: this work.

Kwak et al. [18] Urtenov et al. [41] This Work

a 0.0101 0.0196 0.0194
b −0.1714 −0.1084 −0.0107

3.2. Hydrodynamic Instability

The Nikonenko research group has mainly investigated the structure of the polarization layer.
However, the instability modes are briefly studied, and the cluster dynamics and structure are not
addressed. On the contrary, in this section, the key role of the force spot upstream of the vortex front in
the vortex shape and in the birth of counter-clockwise vortices and clusters is shown as an example. In

Section 3.3, the role of SSL bending, induced by the layer (
→
FTot)

z
< 0 at the vortex rear, in the fluid

flux through the outer edge of the unsteady vortex layer will be also pointed out. The investigation
is performed with D± = 1 and ν = 1/310−3. Another mode of instability found with D± = 1 and
ν = 10−3 is briefly discussed in the Appendix A.

313



Int. J. Mol. Sci. 2019, 20, 2393

3.2.1. Periodic Mode Flow (ΔΦ = 22)

Before going further, the main results described in the previous article [37] about the spatial
distribution of the electric and pressure forces and of the fluid kinetic energy are recalled briefly. In
forced flow, the periodic mode close to the instability threshold is very similar to the marginal instability
because the rolls are stable during their travel to the outlet. In periodic systems, the steady instability
is characterized by two counter-rotating vortices. The non-equilibrium EDL has a minimum width
in the downward flow region and presents a hump at the upward one. The hump extends between
the two vortex centers. Q decreases mainly in the hump because its transverse mean value remains
constant. It is recalled that the non-equilibrium EDL gathers the ESC region and the quasi-equilibrium
EDL. Two force layers along the membrane induce a longitudinal flow. In the first layer placed in the
quasi-equilibrium EDL, the pressure force is dominant, whereas the electric one is dominant in the
second layer located around the local maximum of electric charge density (Qmax) in the ESC region.
Two spots of kinetic energy are located in the second layer and close to the ESC hump. A third
spot is located between the two vortices in the upward region due to the convergence of the fluid
streamlines. The pressure and potential disequilibrium on both sides of the vortices is explained first
by the transverse profile of charge density, which controls the variation of the potential gradient, and
also by the equilibrium between the electric force and the pressure one in the transverse direction
leading to the quadratic dependence of the pressure on the transverse potential gradient.

Figure 5 displays the vortices (SSL) and the color map of the two components of the total force

(
→
FTot), which is the sum of the electric (

→
FEl) and pressure force (

→
FPr). All vortices rotate clockwise.

The region of upward fluid motion defines the front of the vortex. Inversely, the region of downward
fluid motion defines the rear of the vortex. The space between two successive vortices, i.e., the
inter-vortex region, replaces the counter-clockwise vortex in the periodic model. The circumstances
in which a counter-clockwise vortex occurs this space will be discussed. The minimum width of
the non-equilibrium EDL is located at the rear of the vortex and the hump takes place around the
vortex front (upward flow). The two spots of force (Figure 5A) are equivalent to the spots shown in
Reference [37] but with a much higher intensity. In these spots, the pressure force is dominant.

Figure 5. Color plot of: (A) (
→
F Tot)z; (B) (

→
F Tot)x. Black lines: static streamlines starting from the inlet.

ΔΦ = 22, ν = 1/3× 10−3, D± = 1.

A layer and a spot of the same force sign, located at two different transverse positions, may be
linked as shown in Figure 5A. This means that a continuous path of the same force sign may go through
the front or the rear of the vortex. This controls the inclination of the static streamlines. For this reason,
the streamlines are oriented downstream of the front. When there is no link, the front is vertical. At the

314



Int. J. Mol. Sci. 2019, 20, 2393

rear, in the vortex located at z ≈ 5.3 for example, the spot (
→
FTot)

z
> 0 is linked to the layer of positive

sign, whereas, in the upstream vortices rear (z ≈ 5 and z ≈ 4.7), the pair spot/layer (
→
FTot)

z
< 0 are linked.

This explains the small difference in orientation of the streamlines at the rear of the two vortices and
the small deviation from the exact periodicity. Below, the effect of these spot/layer links on the form of
the vortices and their influence on the vortex dynamics will be more clearly shown and described.

Figure 5B shows the transverse component of the total force (
→
FTot)

x
. (
→
FEl)

x
is always negative as

a consequence of the positive sign of Q. The transverse pressure force is opposed to the electric one in
the front region, whereas it is negative in the rear region. Three spots are located around the vortex

front. At the vortex front, the pressure force dominates ((
→
FTot)

x
> 0). The spot is located inside the ESC

region. On both sides of the front, the electric force is dominant ((
→
FTot)

x
< 0) suppressing the upward

fluid motion. The bottom of these two spots are located at the outer edge of the ESC region [37].
In Figure 6, the fluid kinetic energy (Ec) also presents three spots of high magnitude. However, the

kinetic energy at the front is much smaller than when there is no forced flow [37], and it induces a smaller
roll size. This also induces a periodic trajectory of the anions (see Section 3.3.3). A disequilibrium of Ec

is also visible on both sides of the front. As when there is no forced flow, the two Ec spots are located at
the transverse position of Qmax: the fluid is accelerated in the longitudinal direction by the electric
force and reaches a maximum kinetic energy when Qmax and the ESC width begin to decrease and
increase, respectively.

Figure 6. Color plot of the hydrodynamic kinetic energy Ec. Black lines: static streamlines starting
from the inlet. ΔΦ = 22, ν = 1/3× 10−3, D± = 1.

Contrary to [28,41], another periodic mode is also observed at ΔΦ = 23. The period of the vortex
structure is composed of a vortex pair formed from a large and a small vortex (Figure 7). The vortex
pair size is seen to increase with time. Two consecutive vortices begin to form a pair when the upstream
vortex (V1) reaches the position z = 3.5. The pair formation consists of three steps. During the first
one, the downward vortex (V2) comes closer to the downstream pair so that its size decreases. At the
two ends of V2, the streamlines are vertical close to the membrane because the negative layer and

the negative spots (
→
FTot)

z
are linked at these ends (for an example, see a similar situation at z = 4.7

in Figure 8D). In the second step, when V2 reaches its minimum size, V1 begins to move closer to

V2. The negative layer and the negative spot (
→
FTot)

z
get closer at the rear of V1, whose size decreases

during its displacement. In the third step, the negative spot (
→
FTot)

z
between V1 and V2 flattens and

the two layers (
→
FTot)

z
< 0 at the rear of V1 join leading to vertical streamlines near the interface. At the

same time, at the rear of V2, the positive spot and the positive layer (
→
FTot)

z
also join. The length of V2

increases and its height decreases accordingly. Figure 7 shows the third and final step.
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Figure 7. Color plot of (
→
F Tot)z. Black lines: static streamlines. ΔΦ = 23, ν = 1/3× 10−3, D± = 1.

3.2.2. Non-Periodic Mode Flow (ΔΦ = 27)

As the potential drop increases, the periodicity disappears gradually. At ΔΦ = 27 and higher, an
unsteady instability mode is clearly established and the rolls associate to form clusters. The simulations
with D+/− = DNa+/Cl−, ΔΦ = 27, ν = 1/3× 10−3, show vortex groups independent from one another
as observed in Nikonenko et al. [28] and no roll exchange occurs. Inside the groups, dissociation and
association are observed. With D± = 1, the spatial periodicity of the vortex group is not observed,
and the clusters are a transitory structure. They become one vortex (Figure 8) or break into several
rolls (Figure 9). It must be noticed that the definition of envelope and cluster is not the same as in
Nikonenko et al. [28]. In the latter article, the envelope is the black SSL around a vortex group and
a cluster is a counter-rotating vortex pair. In the current work, a cluster is a vortex group wrapped
in an envelope (e.g., red SSL in Figure 8C). It does not contain counter-clockwise rolls but several
clockwise ones.

In Figures 8 and 9, the static streamlines (SSL) are associated with the color map of (
→
FTot)

z
. The

blue, the green and the red SSL represent clockwise rolls, counter-clockwise rolls and the cluster
envelopes, respectively. The time evolution of the cluster begins at δt = 1600δt (with δt = 10−4). For the
sake of simplicity, this time is used as the initial one and the time is expressed in terms of δt in the
comments (with t’ = t/δt − 1600).

First, let us consider Figure 8. In Figure 8A (t’ = 0), a counter-clockwise roll (V1/−) lies between
the two clockwise vortices V1/+ and V2/+ located at z = 3.4 and 3.8, respectively. The signs + and −
refer to the rotation direction. In Figure 8A at the rear of V2/+, the positive layer (

→
FTot)

z
is the pressure

force layer. It can be recalled that the negative layer (
→
FTot)

z
is composed of the pressure layer next

to the membrane and the electric one just above. Owing to the negative pressure force spot between
V1/+ and V2/+, the black SSL at the rear of V1/+ and at the front region of V2/+ are vertical. V1/− is
surrounded by the fluid film separating the vortex from V1/+, V2/+ and the membrane. V1/− rotates

counter-clockwise due to the friction with the fluid film, despite the negative sign of (
→
FTot)

z
at the roll

bottom. That is the pressure force acts against the fluid motion at the bottom of V1/−. The inter-vortex
region can be viewed as a cavity with a slip condition at the walls. This condition is induced by the
fluid film.

In Figure 8B (t’ = 20), the volume of V1/− increases and its bottom moves to the membrane, so

that it is clearly located inside the positive layer (
→
FTot)

z
. However, the thin fluid film continues to

separate V1/− from the membrane. The vortex V1/+ front gets closer to V2/+which does not move.

The negative pressure spot (
→
FTot)

z
begins to join the layer of the same sign through the front of V2/+.

A new vortex appears in the tail of V2/+.
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Figure 8. Temporal evolution of the cluster structure. (A) t’ = 0; (B) t’ = 20; (C) t’ =40; (D) t’ = 60:

(E) t’ = 80; (F) t’ = 100. Color plot: (
→
F Tot)z. Black lines: static streamlines starting from the inlet.

Blue streamlines: clockwise rotating rolls, green streamlines: counter-clockwise rotating rolls, red
streamlines: cluster envelope. ΔΦ = 27, ν = 1/3× 10−3, D± = 1.
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Figure 9. Temporal evolution of the cluster structure. (A) t’ = 0; (B) t’ = 20; (C) t’ =40; (D) t’ = 60:

(E) t’ = 80; (F) t’ = 100. Color plot: (
→
F Tot)z. Black lines: static streamlines starting from the inlet.

Blue streamlines: clockwise rotating rolls, green streamlines: counter-clockwise rotating rolls, red
streamlines: cluster envelope. ΔΦ = 27, ν = 1/3× 10−3, D± = 1.

In Figure 8C (t’= 40), the negative layer (
→
FTot)

z
inside V1/+ connects with the negative spot (

→
FTot)

z

inside V1/−. Therefore, a continuous path occurs along the membrane joining V1/+ and V2/+. This
coincides with the apparition of an envelope around V1/+ and V2/+. Now, V2/+ clearly constitutes two
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rolls: V2a/+ (head) and V2b/+ (tail). During the merging process (Figure 8A–E), V2/+ remains at the
same place, so that the distance from the downstream vortex increases. The very long non-equilibrium
EDL becomes unstable and a hump of charge appears at the front of V2b/+. The SSL forming the rear
of V1/+ and the front of V2/+ respectively are clearly tilted. Moving downward, V1/− gets into contact
with the membrane as explained in Figure 9. However, V1/− remains isolated from V1/+ and V2/+ by
the fluid film forming the cluster.

In Figure 8D (t’ = 60), V1/− and the front of V2/+ disappear owing to the decrease in the charge

hump in the non-equilibrium EDL. The spot (
→
FTot)

z
> 0 and the trace of the negative spot (

→
FTot)

z
on

both sides of the previous front of V2/+ remain. As soon as the charge hump disappears, the former

spot moves upstream and joins the positive spot (
→
FTot)

z
of V1/+. In Figure 8E (t’ = 80), V2/+, i.e., the

charge hump moves downstream this time. The tail is composed of two vortices rotating clockwise
separated by a secondary envelope. In Figure 8F (t’ = 100), the tail, constituting one roll, is separated
completely from the head of V2/+ and the cluster disappears.

The concept of thin film can be extended to the cluster envelope. This film separates the clockwise
vortices from the membrane and the surrounding electrolyte. Along the membrane surface, it spreads
over a width smaller than the non-equilibrium EDL one. The presence of this film means that a kind of
upstream electro-osmotic velocity is imposed between the vortex group and the membrane. However,
the immobility of the cluster is not related to this velocity but to the stability of the non-equilibrium EDL.

In the second series (Figure 9), V1/− is initially located between the two rolls V1/+ (z = 2.1)

and V2/+ (z = 2.35). Contrary to Figure 8A, a continuous path of negative (
→
FTot)

z
extends along the

membrane over the vortex group. Despite this path, no SSL envelops the vortex group because the
tops of V1/+ and V2/+ are too separated, allowing V1/− to spread far from the membrane interface.
V1/+ and V2/+ get closer (Figure 9B) and the SSL between the vortices are more and more tilted owing

to the profile of (
→
FTot)

z
(see comments in Figures 7 and 8).

At the top of V1/+ and V2/+, the imposed main flow drives the fluid located close to the vortices
in the downstream direction by means of the viscous force. At the same time, in the inter-vortex
region, the longitudinal pressure force pushes the fluid upstream. Therefore, at the outer edge of the
inter-vortex region, the SSL changes direction and the two points of the same SSL, on both sides of the
neck, are close to each other. This behavior is all the more pronounced given that the two vortices are

close to each other and the magnitude of the negative pressure spot (
→
FTot)

z
increases. Therefore, the

SSL join at the upper region of the roll group at t’ = 40 (Figure 9C). This induces a displacement of
V1/− to the membrane and the presence of an envelope around the vortex group which becomes a
cluster. At the same time, the roll (V0/+ located at z = 1.6) upstream of the cluster moves closer with
a decreasing volume. From t’ = 40 to 80 (Figure 9C–E), the tail of V2/+ extends as the downstream
vortex goes away and a charge hump appears at x = 2.5 as explained in Figure 8C. Later, the cluster

breaks, V0/+ fuses with V1/+, V2/+ and its tail becomes independent, and the negative layer (
→
FTot)

z
in

the inter-vortex region is transformed into a spot. It seems that a cluster including three clockwise
vortices is not stable or may only exist during a very short time.

3.3. Dynamic Streamlines of Fluid Flow and Ionic Transfer

A fully Lagrangian approach to the fluid flow and ion transfer is necessary to investigate the
mixing mechanisms in unsteady flow. In this section, the dynamic streamlines (DSL) display the real
trajectories of the fluid and ions, and point out that the vortices visualized by the SSL are fictitious. In
this way, for instance, the DSLs show that, in a periodic regime, the vortices and the region far from the
membrane, i.e., the diffusion layer containing high ion concentration, are linked by a mechanism of
fluid flux through the vortices. However, in an aperiodic regime, the unsteady size of the inter-vortex
regions and the vortices promotes fluid exchange with the diffusion layer and enhances the efficiency
of the mixing. The same parameter values as in Section 3.2 are used.
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3.3.1. Fluid DSL in Periodic Regime (ΔΦ = 22)

Figure 10 shows four dynamic streamlines at five different times. The line source is located inside
a vortex at zo = 4.7. The vortices move with a longitudinal velocity (Uroll

z ) of 36. As in Section 3.2, the
time value will be expressed in terms of time step and one assumes that initially t’ = 0.

Figure 10. Fluid trajectories. Black lines: static streamlines starting from the inlet. Red lines: dynamic
streamlines starting from zo = 4.7 (xo = 0.005, 0.045, 0.075, 0.115). Color plot: cation concentration. The
red arrow represents the rotation direction of the vortices and the position of the vortex at time t’ (the
trajectories start at t’ = 0 inside this vortex). (A) t’ = 5; (B) t’ = 70; (C) t’ =95; (D) t’ = 195; (E) t’ = 275.
ΔΦ = 22, ν = 1/3× 10−3, D± = 1.

Let us consider the starting point xo = 0.005. This point is located between the membrane surface
and the Ec maximum inside the Ec spot. At this point, the transverse equilibrium between the electric
force and the pressure force is fulfilled. Initially, Uz = −43 and Ux = −1. At t’ = 10, the fluid begins
to move upward as it comes closer to the vortex front. Then Ux and Uz increases and decreases,
respectively. Consequently, at t’ = 20 (x = 0.033), Ux reaches a maximum value of 49 and Uz = 24 < Uroll

z .
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Then Uz increases and becomes greater than Uroll
z . Uz decreases first because the fluid element moves

away from the Ec spot (see Figure 6) and then increases owing to the velocity inlet boundary condition.
At t’ = 95 (Figure 10C), the fluid is just above the vortex (x = 0.17, z = 5) with Ux ≈ 0 and Uz = 74.5.
During the upward motion, the DSL deviates from the vortex front for two reasons: first Uz < Uroll

z
for a period of time and then the angle θ between the membrane surface and the front is lower than
90o. With regards to the 2nd reason, if the fluid element moves during a time interval Δt upward
over the distance Δx = UxΔt, the distance to the front becomes Δz2 = UxΔt× tan(π/2− θ). Finally,
the distance from the fluid element to the front is Δz = Δz1 + Δz2 with Δz1 =

(
Uroll

z −Uz
)
Δt and Δz

cancels if Uz = Uroll
z + Ux × tan(π/2− θ). If Ux > 0, Uz must be much greater than Uroll

z if θ is small.

As Q is positive, (
→
FEl)

x
is always negative. In the front region (

→
FPr)

x
> 0 (see Figure 5B). During the

fluid rising,
∣∣∣∣∣(→FPr)

x

∣∣∣∣∣ and
∣∣∣∣∣(→FEl)

x

∣∣∣∣∣ decrease but the pressure contribution is higher than the electric one.

Above the vortex, the force balance occurs. However, the force magnitude is very small because Q is

very small. On the other side of the vortex, (
→
FPr)

x
is negative. Therefore, the downward motion of the

fluid is accelerated due to the two negative force contributions. The fluid enters the vortex at t’ = 190
far from the center of rotation and close to the membrane (x = 0.03, z = 5.47—Figure 10D) (the fluid
entrance can be explained by the above relation Δz = Δz1 + Δz2 with Ux < 0 and θ > π/2). The fluid
element continues to move to the membrane surface until the transverse force equilibrium is fulfilled
(Ux = 0). Owing to the vortex displacement in the downstream direction, the Ec spot (with Uz < 0)
moves towards the fluid element. This induces the displacement of the fluid to the front with Ux ≈ 0,
so that at t’ = 230/240, the fluid element leaves the vortex and then moves upward.

Figure 10 shows that the fluid motion looks like a trochoid around the same vortex. The time
and the spatial period are approximately 210 and 0.8, respectively. As xo increases to 0.035, the fluid
element is less and less accelerated in the ejection region at the vortex front and spends less time in it.
Therefore, the maximal position in the transverse direction decreases, the loop of the trochoid appears
more and more early and its size decreases. So that the period decreases to 70 and 0.39 in time and
space, respectively.

If the starting point is located at (xo = 0.045 , zo = 4.7), the streamline shape shows another kind
of trochoid because the starting point is located above the center of rotation. Initially Ux ≈ −5 and
Uz = −9. The fluid moves upward then downward as explained above. This time, the DSL enters the
vortex at t’ = 70 at the position (x = 0.1, z = 4.97) close to the top of the vortex (Figure 10B). During the
downward displacement, |Ux| and Uz decrease because the fluid element moves closer to the center of
rotation. Uz becomes lower than Uroll

z and at t’ = 115 the center of rotation catches up with the fluid
element. Then the fluid is pushed downstream with an increasing value of Uz. So, the fluid element
stays above the center of rotation. As the vortex front moves closer to the position of the fluid element,
the latter leaves the vortex at t’ = 160 (x = 0.071, z = 5.13). The time and spatial periodicity are around
114 and 0.37, respectively.

As xo increases to 0.09, the transverse amplitude of the trochoid decreases and the periodicity
remains equal to about 110 and 0.37 in time and space, respectively. This time periodicity corresponds
to the time needed for the vortices to move over the distance between two successive vortex fronts.
Outside the vortex (xo > 0.09), the trajectory is in fact a prolongation of another trajectory beginning
upstream (z′o, x′o) with x′o lower than the rotation center and at an earlier time given the periodic
shape of the trajectory. As a last observation, Figure 10 shows that if xo = 0.075, the trajectory is linear
(Ux ≈ 0). The fluid element remains close to the rotation center and moves with the same velocity as
the roll.

Therefore, the figure shows that the real width of the “hydrodynamic instability” layer is much
larger than the vortex one. Its outer edge is in contact with the diffusion layer. In the reference frame
of the vortices, the trajectories form concentric circles. The rotation center, placed at x ≈ 0.75, is above
the SSL vortex one. The fluid exchange between the vortex layer and the diffusion layer is controlled
by an inward flux at the rear and an outward one at the front. The trajectories passing close to the
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membrane are the most efficient for the fluid exchange. This explains the presence of the mixing layer
whose width is higher than the SSL vortex one.

Now if zo = 4.55, i.e., upstream of the vortex front, the DSL shape is not always a trochoid because
the fluid element can remain inside the inter-vortex region as shown in Figure 11. As an example, let
us consider the starting position (xo = 0.015, zo = 4.55). The point is located inside the Ec spot. Initially,
Ux = −6 and Uz = 87 > Uroll

z = Uspot
z . Therefore, as the DSL gets closer to the front vortex, the fluid

element begins to move upward, and Uz decreases to a value smaller than Uroll
z (see the discussion

about Figure 10). Consequently, at t’ = 35 (Figure 11B), the vertical line defined by Ux = 0 (black dashed
line) and the DSL meet at z = 4.67 (the fluid element is at x = 0.063). This line moves with the same
velocity as the vortices. Therefore, the fluid element passes on the other side of this line and moves
towards the membrane with an increasing velocity. Then it enters the Ec spot, so that Uz reaches a
value of 85 at t’ = 75 (see Figure 11C). Therefore, the fluid element remains in the inter-vortex region (at
t’ = 275 z = 5.5, x = 0.06—Figure 11E). This behavior is observed until xo = 0.065. If 0.075 ≤ xo ≤ 0.095,
i.e., at the outer edge of the inter-vortex region, the trochoid shape is observed but the DSL does not
wind around the same roll. Most of the time, the fluid element moves with Uz << Uroll

z and with |Ux|
small enough for the fluid element to enter the rear of the upstream vortex close to the membrane.
This is shown for example with xo = 0.095 in Figure 11C (x = 0.014, z = 4.76). The loop is located at z
= 4.8 (Figure 11D). Figure 11E shows that the same fluid element enters the even upstream vortex a
second time at t’ = 255 (x = 0.024, z = 5.06). The loop at z = 5 belongs to the trajectory beginning at
xo = 0.085. Therefore, the inter-vortex is not connected to the diffusion layer and it has a small role in
the mixing process.

3.3.2. Fluid DSL in Aperiodic Regime (ΔΦ = 27)

In Figure 12 the source is located inside the vortex V0. Initially, the front of V0 and of the
downstream vortex V1 are at z = 3.7 and z = 4.25, respectively. Until t’ = 25, the volume of V0 is
unchanged and its height is around 0.18. Then its volume decreases during the merging process with
V1. The front of V0 moves with a longitudinal velocity of 66.7 until t’ = 85. Furthermore, Uroll

z is smaller
than the fluid inlet velocity at x = 0.18 (Uz = 74). The front of V1 remains at the same place in the time
interval. Two starting points, (xo = 0.01, zo = 3.9) and (xo = 0.1, zo = 3.9), are chosen for the discussion
because they give rise to two kinds of motion.

In the first case, the fluid element moves first upstream along the membrane to the vortex front,
then moves upward in the front region at t’ = 25 (x = 0.01, z = 3.8) and finally passes V0 at t’ = 85,
as explained in Section 3.3.1. The height difference between V0 and V1 makes the SSL tilted to the
upward direction for a long time, such that at t’ = 85 the fluid element is at a transverse position much
greater than the height of V0. Reaching V1, the fluid leaves the instability region (Figure 12C). The
electric force acts no more. The fluid moves mainly in the longitudinal direction with Uz ≈ 120 >> Uroll

z .
Therefore, the addition of the high jump at t’ = 25 and of the increase of the height of V1 leads to the
ejection of the fluid outside the vortex layer.

On the contrary, the fluid remains close to the instability layer if xo = 0.1. The source is located
above the center of rotation of V0. Therefore, the fluid element leaves the vortex outside the fluid
ejection region as explained in Section 3.3.1 (see Figure 12A). The fluid element is just above V0
(Figure 12B) and then above V1 at t’ = 135 because Uz > Uroll

z (Figure 12C). It reaches its maximum
transverse position x = 0.25 at z = 4.77. From t’ = 135 to 190, as the fluid element overtakes V1, the
height of V1 increases to 0.18 and its shape becomes symmetric. The static streamlines are more and
more directed downward near the rear region of V1 (see Section 3.2.1 ΔΦ = 23) and the fluid element
is driven towards the membrane. For the same reason as explained in the case of ΔΦ = 22, the fluid
element must enter the vortex V1 and the loop of the trochoid begins at t’ = 210 (x = 0.03, z = 5.2).
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Figure 11. Fluid trajectories. Black lines: static streamlines starting from the inlet. Red lines: dynamic
streamlines starting from zo = 4.55 (xo = 0.015, 0.045, 0.085, 0.095). Black dashed line: curve defined by
Ux = 0. Color plot: cation concentration. The red arrow represents the rotation direction of the vortices
and the position of the vortex at time t’ (this vortex is downstream the trajectories source at t’ = 0).
(A) t’ = 10; (B) t’ = 35; (C) t’ = 80; (D) t’ = 155; (E) t’ = 275. ΔΦ = 22, ν = 1/3× 10−3, D± = 1.

As xo decreases from 0.1, the DSL reaches a higher transverse position during the fluid excursion,
i.e., the fluid explores the diffusion layer more deeply, and it enters the vortex layer at a higher distance
from the source position. This means that the high transverse amplitude of the trajectory and the
large dispersion of the DSL allow a fluid exchange between different distant vortices in contrast to the
periodic regime.
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Figure 12. Fluid trajectories. Black lines: static streamlines starting from the inlet. Red lines: dynamic
streamlines starting from zo = 3.9 (xo = 0.01, 0.08, 0.09). Color plot: cation concentration. Red numbers:
vortex numbering. Vortex n◦0 is the vortex in which the trajectories source is located at t’ = 0. (A) t’ = 55;
(B) t’ = 85; (C) t’ = 135; (D) t’ = 190; (E) t’ = 245. ΔΦ = 27, ν = 1/3× 10−3, D± = 1.

Figure 13 displays the fluid trajectories when the source is located at zo = 2.7 between V0/+ and
V1/+ (see Figure 13A). Between these rolls, a counter-clockwise roll (V/−) is located at x ≈ 0.04. During
the rolls’ displacement, the inter-vortex region between V0/+ and V1/+ expands and V/− disappears at
t’ = 55. At t’ = 135 (Figure 13C), V1/+ stops to move downstream (z f ront = 3.2), V0/+ moves closer
to V1/+ and the roll V/− appears one more time between these two vortices, which merge at t’ = 225
(Figure 13D).
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Figure 13. Fluid trajectories. Black lines: static streamlines starting from the inlet. Red and green lines:
dynamic streamlines starting from zo = 2.7 (xo = 0.01, 0.025, 0.05, 0.085). Color plot: cation concentration.
Red numbers: vortex numbering. Vortex n◦0 is the vortex upstream the trajectories source location at t’
= 0. Vortex n◦1 is the vortex downstream the source. (A) t’ = 5; (B) t’ = 45; (C) t’ = 135; (D) t’ = 220;
(E) t’ = 245. ΔΦ = 27, ν = 1/3× 10−3, D± = 1.

Let us consider the first trajectory xo = 0.01 (red trajectory). This starting point is located inside
the Ec spot close to the membrane, i.e., in the fluid film below V/−. If t’ < 80 (z < 3), the fluid trajectory
is similar to the trajectory beginning at xo = 0.015, shown in Figure 11. The fluid element remains in
the thin film surrounding V/− in the inter-vortex region. However, the fluid element passes above
V/− during the first upward period and leaves for a very short time the fluid film at the outer edge
of the inter-vortex region. This means that V/− is also isolated from the neck, a behavior which the
SSL cannot not reveal (see Figures 8 and 9). At t’ = 100 (x = 0.12, z = 3), the fluid element reaches the
region where Ux is small. However, the fluid element does not cross the boundary Ux = 0 because
the inter-vortex region expands. Therefore, the fluid element continues to move upward and leaves
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the inter-vortex region with an increasing longitudinal velocity, which becomes higher than Uroll
z (see

Figure 13C). As the size of V1/+ increases when t’ > 135, the DSL enters the V1/+ rear at t’ = 175 as
explained previously and then the fluid trajectory makes a loop inside V1/+.

For the source point xo = 0.025 (green trajectory), the fluid element is initially inside V/−. The
vortex is isolated from the neighborhood. So, until t’ = 55, the fluid element remains inside V/− and
rotates counter-clockwise two times. At t’ = 60, V/− disappears; therefore, until t’ = 125 (see Figure 13C),
the fluid trajectory oscillates in the transverse direction as explained in Section 3.3.1. At t’ = 135, V/−
appears, and the fluid element makes two counter-clockwise rotations until t’ = 180 (x = 0.012, z =
3.2). The inter-vortex region between V0/+ and V1/+ is so small that the rear of V0/+ passes the fluid
element during its upward motion at t’ = 200 (x = 0.045, z = 3.25). The fluid consequently moves
upstream inside V0/+ to the front (Figure 13D), then it moves upward during the merging of V0/+with
V1/+. The volume of the new vortex increases. Therefore, as the fluid element moves with Uz > Uroll

z
at t’ = 245, it must enter the new vortex by the rear later on and must then begin a loop motion.

The two last Figures show that several kinds of trajectories follow one another owing to the
vortex dynamics. Therefore, the trajectories playing a small role in the exchange between the vortex
layer and the diffusion layer have a finite lifetime. The inter-vortex regions exchange fluid with the
vortices. As in the periodic mode, the passage through the vortices plays a key role in this exchange
and enhances the ion exchange. The vortices trap the fluid elements by means of their changing shape.
The counter-clockwise vortices do not exchange fluid through its boundary.

3.3.3. Ionic DSL in the Periodic Regime (ΔΦ = 22)

In this section, the ion transfer in the aperiodic regime is not investigated because the anions are
simply ejected from the vortex region if ΔΦ > 24, and the cations follow the same kind of trajectories as
in periodic regime.

Let us consider the anionic motion when the starting longitudinal position is zo = 4.7, i.e., inside a

vortex as shown in Figure 14. It is recalled that the ion velocity (
→
U±) is computed by means of the ion

flux density (
→
J ±) (see Section 2.2.2).

Consider first the case xo = 0.005. At this distance from the membrane, the negative Fickian

contribution (
→
J −Fi)x

balances the positive electric one (
→
J −Em)x

. The convection (
→
J −Co)z

and the

concentration gradient (
→
J −Fi)z

push the anions to the vortex front. At the beginning of the rising

period (Figure 14A), the anions are pushed transversely by convection because (
→
J −Fi)x

= −(→J −Em)x
.

Then around the position (x = 0.1, z = 4.8), the electro-migration contribution becomes dominant

with (
→
J −Fi)x

≈ −(→J −Co)x
. Finally at t’ = 95 Figure 14B, the ions reach the maximal transverse position

with the balance (
→
J −Fi)x

≈ −(→J −Em)x
·(→J −Co)x

≈ 0) and with U−z > Uroll
z . In the longitudinal direction, the

ions move by convection. During the downward motion (see Figure 14C), the ions enter the same
vortex at t′ ≈ 210 and get closer to the vortex rotation center. The ions are pushed to the membrane by
convection and diffusion and with U−z < Uroll

z . At t′ ≈ 210, the anions arrive at the same transverse

position as the rotation center. (
→
J −Co) becomes negligible and (

→
J −Fi) ≈ −(

→
J −Em), i.e., the anions arrive at

a stagnation point. Therefore, after a while the anions cross over to the other side of the rotation center,
then they begin an upward motion and leave the vortex a second time. As xo increases from 0.035 to
0.085, the ions deviate from the ejection region as they leave the vortex. Consequently, the transverse
amplitude of their trajectory decreases, and the cusps move upstream.
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Figure 14. Fluid and anionic trajectories. Black lines: fluid static streamlines starting from the inlet.
Red lines: anionic dynamic streamlines starting from zo = 4.7 (xo = 0.005, 0.035, 0.055, 0.085). Color plot:
cation concentration. The red arrow represents the rotation direction of the vortices and the position of
the vortex at time t’ (the trajectories start at t’ = 0 inside this vortex). (A) t’ = 10; (B) t’ = 95; (C) t’ = 210;
(D) t’ = 250; (E) t’ = 275. ΔΦ = 22, ν = 1/3× 10−3, D± = 1.

Figure 15A displays the anionic DSL when the anion source is located between two vortices
(zo = 4.55). Two families of trajectory can be observed. The first one is identical to the trajectories
shown in Figure 14 if xo lies between 0.035 and 0.055. However, the stagnation point is replaced by an
elongated and tilted loop because the anions reach a transverse position lower than the rotation center

one and move to the vortex front by diffusion (
→
J −Fi)z

and convection (
→
J −Co)z

. At higher values of xo,
U−z is always positive because the DSL never enter the vortex owing to higher fluid velocity and to

the positive contribution of (
→
J −Fi)z

. The sign of (
→
J −Fi)z

is positive because the anion position is always
downstream of the location of the high ion concentration region at the vortex rear. The consequence is
that the anions move faster than the vortices along the membrane if xo ≥ 0.075.
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Figure 15. Fluid and ionic trajectories. Red lines: (A) anionic dynamic streamlines starting from zo =

4.55 (xo = 0.005, 0.045, 0.055, 0.065, 0.1). The red arrow represents the position of the vortex at time t’
(this vortex is downstream the trajectories source at t’ = 0); (B): cationic dynamic streamlines starting
from zo = 3, xo = [0.23, 0.35]. Black lines: fluid static streamlines starting from the inlet. Color plot:
cation concentration. t’ = 275. ΔΦ = 22, ν = 1/3× 10−3

Therefore, the longitudinal Fickian contribution is of great importance to the Lagrangian anionic
motion. The two last Figures also show that despite the electric force directed upward, the anions
remain in the layer explored by the fluid DSL. At the outer-edge of this layer, the Fickian diffusion
balances the electro-migration and keeps the anions leaving the region.

In regards to the cations (Figure 15B), the dynamic streamlines are computed with the vertical
source (zo = 3, 0.23 ≤ xo ≤ 0.35). This time, the electro-migration flux is directed downward like

the Fickian one. (
→
J +Em)x

is the main contribution to the cation motion towards the membrane, and
Figure 15B shows that the cations move monotonically. At the initial time, cation motion is mostly

longitudinal (U+
z > U+

x ). As they get closer to the membrane, the DSL become vertical because (
→
J +Em)x

increases and becomes dominant. The convective contribution has the same order of magnitude as
the electro-migration one in the region around the outer edge of the vortex layer and it leads to the
increase of the cationic flux. The DSL form four groups at the vicinity of the membrane because they
reach the membrane through the inter-vortex region and the rear of the rolls, i.e., regions where the
transverse cationic flux is important.

4. Conclusions and Summary

In this work, the analysis of electro-convective instabilities in a laminar boundary layer along a
cation exchange membrane is presented. The periodic and aperiodic modes were studied. In particular,
for the latter mode, vortex association/dissociation and fusion, as well as time evolution of cluster and
counter-clockwise vortex, were investigated. The influence of the instability structure and dynamics
on the fluid and ion transfer was also investigated by means of a Lagrangian approach. The aperiodic
mode is sensitive to the value of the parameters D± and ν. Despite this observation, the present study
was performed mainly with D± = 1 and ν = 1/3× 10−3.

The vortex structure and dynamics were analyzed by considering the spatial distribution of the
longitudinal component of the electric and pressure force. This distribution is composed of a layer
along the membrane inside the non-equilibrium EDL and of two spots on both sides of the vortex
fronts and above the force layer. These two structures undergo a change of sign at the front and the
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rear of the vortices. The link between a spot and a layer of negative sign plays a key role in the vortex
dynamics and in the birth of counter-clockwise vortices and clusters. This link bends the streamlines
in the upward direction and induces a neck at the outer edge of the inter-vortex region where the
fluid is pushed downward by the forced flow. The counter-clockwise vortices occur in the inter-vortex
region over which the negative spot is located. This vortex is isolated from the neighboring clockwise
vortices and the membrane by a thin fluid film coming from the neck. The clockwise vortices associate
into a cluster when the neck closes, and a continuous path of negative longitudinal force occurs over
the vortex group along the membrane. In this case, a thin film also wraps the vortex group, which
is therefore separated from the membrane and the boundary layer. The counter-clockwise vortices
are excluded from the clusters in contact with the membrane during the clustering process. The
upstream fluid motion in the film along the membrane plays a similar role as the electro-osmotic
boundary conditions.

The real motion of the fluid, as well as the ions, must be computed by considering the unsteadiness
of the velocity and flux fields. In the periodic mode, the fluid trajectories passing through a vortex,
computed with the SSL, form a trochoid. The SSL vortices are fictitious. In the vortex reference
frame, these DSLs form rolls whose rotation center is above the SSL vortex center and whose size is
much greater. The real vortex layer is therefore in contact with the diffusion layer containing high ion
concentration and it controls the mixing layer expansion. This is not the case for the inter-vortex region.
Surprisingly, the anions follow the same kind of trajectory with roughly the same transverse amplitude.
The Fickian diffusion plays a key role in the loop formation and in the transverse amplitude. The outer
edge of the region explored by the anions corresponds to the balance between the electro-migration
and the Fickian diffusion fluxes in the transverse direction. Further away from the instability threshold,
the electric field is high enough for the anions to be ejected from the vortex layer.

For the aperiodic mode, the real instability layer visualized by the DSL is also much larger than
the SSL rolls. Its size increases with ΔΦ, imposing the upward displacement of the diffusion layer.
In this case, fluid exchange is performed between distant SSL vortices. The transverse amplitude of
the trajectories is high enough for the mean Lagrangian velocity to be much greater than the SSL roll
one. The size increase allows the rolls to attract and trap the fluid elements. It is also observed that
the inter-vortex regions contribute to the mixing process. The variation of the inter-vortex length
destabilizes the fluid trajectory leading to the fluid ejection outside the SSL vortex layer and initiating
a trochoid-like trajectory.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PNP Poisson–Nernst–Planck
EDL Electric double layer
ESC Extended space charge
SSL Static streamline
DSL Dynamic streamline
Symbols

A Surface of the domain
c±, co, c+inter f Cation and anion concentration, bulk salt concentration, cation concentration at

the membrane surface
e Elementary charge
Ec Kinetic energy
D±, Dre f Cation and anion diffusion coefficient, reference diffusion coefficient
→
F El,

→
F Pr,

→
F Tot Electric force, Pressure force, total force
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kB Boltzmann constant
I, Im, Ilim Mean current density, current density at the membrane surface, limiting current
→
J
±

,
→
J
±
Co,
→
J
±
Em,

→
J
±
Fi Cation and anion flux, convective, electro-migration and Fickian flux contribution

Lx, Lz, Lm Longitudinal and transverse domain length, inter-membrane distance
P, Po Pressure, osmotic pressure
Pe Peclet number
Q, Qmax Charge density, maximum charge density in the ESC
t, tdiff, δt Time, diffusional time, time step
T Temperature
→
U,
→
U
±

, Uslip, Uroll
z ,

Uspot
z

Fluid velocity, cation and anion diffusional velocity, imposed velocity at the upper
edge of the domain, longitudinal vortex velocity, longitudinal velocity of the
kinetic energy spot

z± Cation and anion charge
Greek Symbols

δv Vortex height
εo,εr Vacuum and relative permittivity
λd Debye length
μ Dynamic viscosity
ν Debye length to the longitudinal domain length ratio
ρ f Fluid density
θ Local angle between the membrane surface and the vortex front
Φ,Φv,ΦT Electric potential, potential in the vortex layer, thermodynamic potential
Ω Domain

Appendix A. Influence of the Length Ratio on the Instability Modes

If (D± = 1, ν = 10−3), the periodic instability, without roll pair formation, occurs in the range 23 ≤
ΔΦ ≤ 25. Aperiodic mode appears at ΔΦ = 27. For this potential drop value, rolls of different sizes
cross the domain. Vortex association and dissociation are also observed from time to time. However,
a new kind of periodicity takes place at ΔΦ ≥ 30. Figure A1 shows the time evolution of the vortex
structure at ΔΦ = 35.

Three steps have been observed. Every other roll is in the same phase and the rolls between are in
another one, that is two phases coexist. The Figures show clearly that, at the vortex front and rear, the
SSL orientation is related to the unsteady link between a spot and a layer of longitudinal force of the
same sign. Let us consider the smallest rolls at z = 3.1 and 4.3 in Figure A1A. As a first step, these rolls,
of initial size 0.2 × 0.11 in the z and x direction, respectively, move to z = 3.2 and 4.4 and increase in

volume (Figure A1B). At the beginning, the negative spot (
→
FTot)

z
is transformed into a tilted layer in

the downstream inter-vortex region. As the volume increases (Figure A1B), the SSL turn progressively
to the upstream direction at the roll front, and a counter-clockwise vortex in the upstream inter-vortex
region appears (z = 3.05 and 4.3). It disappears in the next step. This first step lasts 60δt. In a second
step (Figure A1C), the roll volume decreases and becomes elongated and symmetric (z = 3.4 and 4.6).
The elongation occurs at the rear, the front remaining roughly at the same place. The roll dimension is
about 0.6 × 0.16. This step lasts 30δt. In the last step, the roll volume continues to decrease so that
the rolls return to their initial form. This third step lasts 80δt. As every second roll is in step N, the
other rolls are in step N − 1 or N + 1. However, in the same roll family, a small phase shift in the
shape evolution may occur from one roll to another and the growth amplitude may also differ. But the
mechanism remains the same.
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Figure A1. Temporal evolution of the vortices. (A) t’ = 0; (B) t’ = 60; (C) t’ = 90. Color plot: (
→
F Tot)z.

Black lines: static streamlines starting from the inlet. ΔΦ = 35, ν = 10−3, D± = 1.
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Abstract: Electrodialysis and electrodeionization are separation processes whose performance
depends on the quality and properties of ion-exchange membranes. One of the features that largely
affects these properties is heterogeneity of the membranes both on the macroscopic and microscopic
level. Macroscopic heterogeneity is an intrinsic property of heterogeneous ion-exchange membranes.
In these membranes, the functional ion-exchange component is dispersed in a non-conductive binder.
The functional component is finely ground ion-exchange resin particles. The understanding of
the effect of structure on the heterogeneous membrane properties and behavior is thus of utmost
importance since it does not only affect the actual performance but also the cost and therefore
competitiveness of the aforementioned separation processes. Here we study the electrokinetic
behavior of cation-exchange resin particle systems with well-defined geometrical structure. This
approach can be understood as a bottom up approach regarding the membrane preparation. We
prepare a structured cation-exchange membrane by using its fundamental component, which is
the ion exchange resin. We then perform an experimental study with four different experimental
systems in which the number of used cation-exchange particles changes from 1 to 4. These systems
are studied by means of basic electrochemical characterization measurements, such as measurement
of current–voltage curves and direct optical observation of phenomena that occur at the interface
between the ion-exchange system and the adjacent electrolyte. Our work aims at better understanding
of the relation between the structure and the membrane properties and of how structure affects
electrokinetic behavior of these systems.

Keywords: ion-exchange membranes; ion-exchange particles; heterogeneity; electrokinetics;
current–voltage curves

1. Introduction

Directed transport of ions by ion-exchange membranes when in DC (direct current) electric field is
pertinent to electromembrane separation processes such as electrodialysis and electrodeionization [1–3].
These membranes possess a property called ion selectivity, which stems from a combination of two
important factors [4,5]. The first factor is a so-called fixed charge that can act on mobile ions in the
electrolyte solutions by exerting electrostatic forces. The second factor is the very structure of the
functional part of ion-exchange membranes [6]. The internal structure has to have characteristic
dimensions on the nanometer scale so that the electrostatic attraction or repulsion between the fixed
charges and the mobile ions can occur. The ion-exchange membranes can then be classified into cation
and anion-exchange membranes, which is given by the charge of the functional group fixed in the
membrane [7]. Another classification divides the membranes into two groups on the basis of their
macroscopic compositions. The first group represents membranes that are viewed as homogeneous
on the macroscopic level, i.e., the fixed charge is present throughout the membrane [7]. The second
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group is a group of so called heterogeneous membranes having macroscopic domains of different
composition and internal structure and thus different functionality. Typical heterogeneous membranes
consist of functional ion-exchange material (usually in the form of finely ground resin particles) and an
inert binder, which houses the functional component and provides the membrane with mechanical
stability [8,9]. The functional component can be viewed as homogenous. Often polymeric fibers
are laid on the surface of these membranes. Each type of the membranes brings its benefits and
disadvantages. While the homogenous membranes usually surpass the heterogeneous ones in the
electrochemical characteristics (resistance, selectivity, etc.) [10], the heterogeneous membranes possess
better mechanical and chemical stability and their production cost is lower. This fact motivates the
research focusing on better understanding of the ion transport in case of heterogeneous membranes,
which is reflected in their properties such as resistance or the selectivity.

The transport across ion-exchange membranes when polarized in DC electric field results in an
interesting current–voltage curve [11–13]. In a broader sense, the current–voltage curve can be viewed
as a dependence of the flux (flow) on the driving force. In the case of the ion-exchange membranes, the
flux is represented by the current density (electric current carried by ions) and the driving force by the
electric voltage. The current–voltage curve usually consists of three major regions, which are referred
to as an underlimiting, limiting, and overlimiting one [14]. The underlimiting region occurs at low
voltages when enough ions able to carry the electric current are present on either side of the membrane.
However, their concentration decreases with increasing voltage on one side of the membrane, which is
a result of a so-called concentration polarization phenomenon. This side of the membrane is denoted
as the depletion side. This side controls the ionic current going through the system at higher voltages
and thus the behavior of the whole system. The concentration polarization [15–17] predicts that the
concentration of ions on the depletion side drops essentially to zero at certain value of polarizing
voltage and that the electric current will reach a limiting value, i.e., it is not possible to achieve a
higher current by increasing the voltage. The tendency of current to level off is typical for the limiting
region. However, it was found out that true saturation in most cases does not occur [18] and one can
observe an overlimiting current in these systems. The overlimiting current is still under scientific
scrutiny and many theories have been developed to explain its appearance [19–21]. All theories,
no matter what system they apply to, predict the appearance of new or fresh ions in the depletion
region, which in other words means partial destruction of the depletion region itself. There are
two major mechanisms accepted in the scientific community that can lead to the appearance of new
ions in the depletion region and these are: (i) Convective mixing invoked by the conditions on the
depletion side of the membrane [22–24] and (ii) water splitting reaction generating hydrogen and
hydroxide ions [25–27]. The convective mixing can be driven either by the electric field itself and the
resulting phenomenon is called electroconvection or by natural convection, which is associated with
the generation of gradients in the density of the desalted electrolyte solution. These gradients are
caused by variations in concentrations or temperatures. The appearance of the overlimiting current
makes ion-exchange membrane based separation unique in the area of membrane separation. The
performance of other membrane separation processes is limited by the concentration polarization [28]
(such as reverse osmosis). Concentration polarization does not allow one to reach flux of the given
component larger than the limiting one. This fact attracts scientific attention since if used properly
in electrodialysis, the exploitation of convective mixing producing overlimiting current can lead to
significant intensification of these processes [20,22]. However, today most of the electrodialysis units
are operated under underlimiting current conditions since appearance of the overlimiting currents
can be accompanied by processes with deleterious effect on the desalination. Extensive release of
Joule’s heat or water splitting reaction can be named as examples. Thorough understanding of the
overlimiting mechanism and their effect is thus necessary.

Electroconvection as the mechanism behind the overlimiting current always results from interaction
of a strong electric field with a spatial mobile charge that is localized between the electrolyte
solution and the ion-exchange membrane. There are a number of different theories as to why
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electroconvection occurs. A nice overview of the current understanding of electroconvection was
given by Nikonenko et al. [20]. Today one acknowledges that the structure of the membrane plays a
significant role in the development of electroconvection. It has been found that both surface profiling of
homogenous ion-exchange membranes [29,30] and presence of heterogeneities in case of heterogeneous
ion-exchange membranes [26,31] have profound effect on the developing electroconvection. In general,
profiling or heterogeneity cause the electric field to deviate from the perpendicular direction towards
the membrane, which results in a substantial tangent electric field component with strong electric force
on the extended polarized layer on the membrane surface. This tangent component then produces
electrokinetic flow on the membrane whose structure depends on the geometry of the system and
the experimental conditions. Until now, electroconvection has been studied for given membranes or
membranes with given profiling or structuring.

In this work we attempt to produce “membranes” containing spatially arranged whole
cation-exchange resin particles. We study the effect of the number of particles on (i) the measured
current–voltage curve (CVC) curves, (ii) electrokinetic effects developing around the particles during
polarization, and (iii) the tendency of these systems to split water. The main aim of manuscript is
to describe differences one can observe in these systems when producing membranes with different
number of ion-exchange particles.

2. Results

This section is organized as follows. In the first part of the section, the individual membranes are
studied experimentally with respect to the exhibited current–voltage curve (CVC) and the behavior
of the electrolyte on its depletion side of the membrane. Our experimental setup allows us to detect
the appearance of electroconvection when the CVC is measured and to track the main motion of the
electrolyte that develops around the membranes. In the second part of this section, we test some of the
systems for their susceptibility to a water splitting reaction.

2.1. Studied Membranes—Current–Voltage Curves

The membranes studied in this work are homemade membranes consisting of a certain number of
cation-exchange resin particles. The number of particles, we could incorporate into our membranes,
was limited by our requirement of the observation of all particles under microscope. For this reason,
the membranes prepared for this study contained one, two, three, and four particles. The two- and
three-particle membranes were made so that the particles were positioned horizontally in a line, the
four-particle membrane had two rows of particles, i.e., upper row contained two particles and the
bottom row also contained two particles. We determined the ion-exchange area of these membranes by
using the strategy described in Section 4.3. The measured distances used in the evaluation of these
surface areas are given in figures showing the result for individual studied systems.

2.1.1. One-Particle System

The results for the one-particle membrane are shown in Figure 1. The Figure shows the measured
current–voltage curve on the left and then a set of fluorescent images, which capture the situation on
the depletion side of the membrane during polarization. Specifically, the fluorescent pictures show the
situation at specific points on the CVC, which are of special interest. Point 1 shows the transition of the
system from the underlimiting to the limiting region, point 2 the situation in the limiting region, point 3
during the transition to the overlimiting region, and point 4 in the fully developed overlimiting region.
The same notation is also used in the description of the results for the other multi-particle membranes.

The current–voltage curve shows all three regions that are typical for the ion-exchange systems,
i.e., underlimiting, limiting, and overlimiting regions. The limiting current density reached a value of
38.4 A/m2. By looking at the shape of the CVC, one clearly sees that the underlimiting region had the
highest slope and the limiting one had the lowest slope. The values of the slopes for the underlimiting
and overlimiting regions, which also indirectly provide a picture about the conductivity of the system
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in the given region, were 72.7 and 60.5 A/m2/V. The value of the overlimiting slope was smaller than
that for the underlimiting region, which is consistent with the fact that the mechanism driving the
overlimiting current cannot fully restore the conditions corresponding to the underlimiting region.
To decipher what mechanism could be responsible for the overlimiting current, we synchronized the
obtained images with the measurement of the CVC. One can see from Figure 1 that at the transition
from limiting to overlimiting region, there were no visible characteristic features at the interface
(point 1). However, right after transitioning into the limiting region (point 2) one can see the appearance
of a fluorescent wave that went from the particle outward. In the third frame, which depicts the
situation at the transition from the limiting to the overlimiting region, the fluorescent zone widened
and contained an array of dark spots that were evenly distributed around the particles. On analyzing
the obtained images, one will see that the dark spots are small vortices that form on the surface of
the particles. These vortices grow with polarizing current and merge into a few larger ones when
the membrane is fully in the overlimiting region (see Figure 1 frame 4). The obtained images clearly
show that electroconvection played an important role in the appearance of the overlimiting current.
These observations are consistent with our previous results [14]. The role of possible water will be
discussed later. This one-particle membrane system serves as a basic system to which the others will
be compared.

 
Figure 1. Current–voltage curve and a set of characteristic images for the one-particle membrane. The
black circles on the current–voltage curve mark the current densities at which the depicted fluorescent
images denoted as 1, 2, 3, and 4 were obtained.

2.1.2. Two-Particle System

The results for the two-particle system are shown in Figure 2. The current–voltage curve again
shows three distinctive regions characteristic for the ion-exchange systems with no qualitative changes
when compared to the one-particle system. The underlimiting region, which possesses the slope of
73 A/m2/V, transitions into the limiting one at the current density of 31.4 A/m2. While the slope of
the underlimiting region was very similar to that of the one-particle membrane, the limiting current
density was lower. This might be given by the close arrangement of the two particles. The particles
share the space of depletion, thus a lower current is needed to reach the limiting conditions. The
transition from the limiting to the overlimiting region was more gradual than in the previous. The
slope of the overlimiting region was 43.6 A/m2/V, which is approximately 30 percent lower than in
the case of the one-particle system. One explanation of this observation is that the ion-exchange area
is larger and thus the local electric field is not that strong, which in turn means that all overlimiting
processes are driven with an electric field of lower strength.

The accompanied fluorescent pictures show how the system behaves at the transition from the
underlimiting to the limiting region (point 1), in the limiting region (point 2), at the transition from the
limiting to the overlimiting region (point 3), and in the overlimiting region (point 4). The description of
the observed behavior given for one-particle membrane is also qualitatively valid for the two-particle
system. The first fluorescence appears when the system was in the limiting regions (point 2). This
fluorescence emanated from around the whole ion-exchange surface and its intensity was evenly
distributed. An array of dark spots appeared within the fluorescent region and grew in size with the
polarizing current (point 3). One characteristic dark spot was in between the particles. These dark
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spots remained there until the end of polarization. In the overlimiting region, smaller vortices merged
into a smaller number of the larger ones (point 4).

 
Figure 2. Current–voltage curve and a set of characteristic images for the two-particle membrane. The
black circles on the current–voltage curve mark the current densities at which the depicted fluorescent
images denoted as 1, 2, 3, and 4 were obtained.

2.1.3. Three-Particle System

The results for the three-particle membranes are depicted in Figure 3. The current–voltage curve
shows three typical regions with no significant differences in its quality when compared to the previous
cases. The slopes of the underlimiting and overlimiting regions were 41 and 33.2 A/m2/V, respectively,
the limiting current density reached value of 34.7 A/m2. When compared to the previous cases, both
the underlimiting and overlimiting regions showed smaller conductivity. The explanation for the
overlimiting region might be given in a weaker electric field than that in the case of a larger area it will
not attain such strength. The increased resistance of the underlimiting might have its origin in increased
resistance on the other side of the membrane or between the membrane and the reference electrodes.

 
Figure 3. Current–voltage curve and a set of characteristic images for the three-particle membrane. The
black circles on the current–voltage curve mark the current densities at which the depicted fluorescent
images denoted as 1, 2, 3, and 4 were obtained.

The fluorescent images again showed development of the fluorescent zone with darker spots,
which grew with polarizing current. Two characteristic dark spots were again seen between the
particles. One qualitative difference when compared to the previous membranes was that the first
fluorescence was detected at the transition from the limiting to the overlimiting current (see point
2 and 3). The appearance was thus delayed with respect to previous cases, which points at the
fact that another resistance was present in the system. This resistance caused the electric field to
readjust accordingly. The fluorescent images, however, clearly showed that electroconvection played
an important role and was definitely one of the mechanisms driving the overlimiting current.

2.1.4. Four-Particle System

The four-particle membrane differed from the previous membranes in that the particles are
arranged in two rows (top and bottom) with each row having two particles. The fluorescent images in
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Figure 4 thus depict two sets of images, one for particles in the top row and the other in the bottom
row. The images were obtained by selective focus on the given row of particles.

 
Figure 4. Current–voltage curve and a set of characteristic images for the four-particle membrane. The
black circles on the current-voltage curve mark the current densities at which the depicted fluorescent
images denoted as 1, 2, 3, and 4 were obtained.

The current–voltage curve for the four-particle membrane bears a shape typical for the ion-exchange
systems. The underlimiting region was characterized by the slope of 64.4 A/m2/V, which is very close
to the slope observed for the one and two-particle systems. The transition to the limiting regions
occurred at the current density of 40 A/m2, which is a value very close to that measured for a single
particle. By inspecting the images of the four-particle membrane (especially frames for point 2 in
Figure 4), one will see that the system essentially consisted of four particles that are isolated, i.e., they
act as individual ion-exchange domains. This is nicely documented by the fluorescent signal (point 2 in
Figure 4) that is disconnected unlike the previous cases in which the fluorescent signal was continuous
along the whole particle membrane. This system can thus be considered as four non-interacting single
particles connected in parallel. While the transition from the underlimiting to the limiting region was
very well defined, the transition from the limiting to the overlimiting current was very slow. The
slope of the overlimiting region above point 4 on the CVC was 44.6 A/m2/V, which is comparable to
previous systems, however, this value was obtained at a much larger driving voltage around 3 V. The
slope between the point 3 and 4 was much smaller. The explanation of this gradual transition from
the limiting to the overlimiting region can be found in the fact that the transition from the limiting
to the overlimiting region of individual particles in this system was not synchronized and occurred
at different currents and voltages. This hypothetical explanation had its support in the fluorescent
images (point 2 and 3) in which the upper particles seem to be behind the bottom particles in the
development of the fluorescent wave with dark regions corresponding to the array of vortices. The
qualitative behavior regarding the formation of the vortices and their growth was very similar to the
previous systems. One specific feature, however, was the formation of very bright small dots at the
particles surface (point 4). These spots look like stationary stagnant points between the individual
vortices formed on the particles in which fluorescein can accumulate.

2.2. pH Changes at Studied Systems

In all the previous experiments, we were able to identify electroconvection that develops on
the studied systems during the transitions from the limiting to the overlimiting regions of the CVCs.
The other mechanism often mentioned with the appearance of the overlimiting current is the water
splitting reaction. Although the mechanism of the reaction might be complex, its occurrence was
manifested in the changes in pH values in the solutions adjacent to the ion-exchange system at which
the aforementioned reaction took place. This is of course true in the case when no pH buffers were
present in the solutions.
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To reveal any possible contributions of water splitting reaction to the overlimiting current, we
performed experiments in which various voltages were applied on the system for 5 min. After that we
mixed the solutions in all chambers and measured their pH. These experiments were carried out for
one- and two-particle systems and a single anion-exchange particle as a control. The results of these
experiments are plotted in Figure 5a–c. Each of the graphs shows the dependence of the pH of the four
solutions from different chambers on the applied voltage. As can be seen in Figure 5a,b for the one-
and two-particle membranes, the pH in the chambers adjacent to the membrane did not depend on the
voltage (blue curve for the depletion side, black curve for the concentration side) and was equal to the
pH of the solution measured at the underlimiting voltage of 1 V (no changes expected). The same
was true for the anodic compartment (green curve). The pH in the cathodic compartment (cathode)
increased with increasing voltage (red curve in Figure 5a,b). This pH increase was given by a water
splitting reaction that occurred on this electrode. However, the pH changes in this compartment did
not affect the pH in the neighboring chamber in which the pH was constant (depletion side). The
schematic in Figure 5d shows a hypothetical situation in a cation-exchange system in which the water
splitting reaction would occur. The generation of H+ and OH- ions would result in a pH decrease
on the concentration side of the membrane and pH increase on the depletion side of the membrane.
Moreover, this pH change would be voltage dependent. Neither was observed for the studied particles,
which led to the conclusion that water splitting reaction did not occur in these systems, or its extent
was very low.

 
Figure 5. pH changes in the solutions taken from individual chambers of the cell after running
chronoamperometric measurement for 5 min. The graphs (a) and (b) are for one- and two-particle
membranes studied here, graph (c) for an anion-exchange resin particle serving as a control system.
The schematics (d) and (e) depict the situation which would occur in a cation- and anion-exchange
system with the proceeding water splitting reaction, respectively.

The results for the anion-exchange particle are plotted in Figure 5c. In this particular case,
the anion-exchange particle turned out to be very efficient in splitting water. While the pH of the
solution on the depletion side decreased, the pH of the solution on the concentration side increased
and the pH changes were voltage dependent. The higher voltage the larger the pH change. These
pH changes were in good agreement with the schematic in Figure 5e, which showed a situation in
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an anion-exchange system with the proceeding water splitting reaction. The pH of the solutions
in the electrode compartments did not change for any of the applied voltages (we added another
electrode chamber filled with phosphate buffer to our cell to prevent observed changes in the cathodic
compartments). The results obtained on the anion-exchange particle, which are known to split water,
were used as a positive control regarding our experimental setup for the determination of pH changes
in our cell.

3. Discussion

The presented study aims at gaining a better understanding of the behavior of ion-exchange
systems in which geometrical complexity is increased by addition of ion-exchange domains. The study
investigates four different systems that contain 1, 2, 3, or 4 cation-exchange resin particles. While the
particles were arranged in a horizontal line in one-, two-, and three-particle membranes, the particles
in the four-particle membrane were arranged in a square. Since these systems are difficult to fabricate,
we resorted to studying the individual systems from the point of quality, i.e., what behavior these
systems exhibit and suggest what might be the cause for the observed differences.

All studied systems exhibited behavior typical for ion-exchange systems, i.e., their current–voltage
characteristics bear the shape typical for these systems. The accompanying recordings of the processes
developing on the membranes revealed that electroconvection develops in all systems when the
systems transition from the limiting to the overlimiting region. This electroconvection presents itself as
an array of vortices that grows with increasing polarizing current. From the qualitative perspective, we
did not observe significant differences in the produced electroconvection for systems with a different
number of particles. This evidences electroconvection as one of the major mechanisms responsible
for the overlimiting current. Measurement of the pH changes around the one- and two-particle
membrane showed that water splitting did not occur in the studied cation-exchange systems unlike the
anion-exchange system. The anion-exchange resin particle was used as a positive control. Overall the
study showed that no matter how many cation-exchange particles we had in the system, they would
always show the current–voltage curve typical for ion-exchange systems and the electroconvection
would play a major role in the appearance of the overlimiting current.

From the quantitative perspective, we found differences in the behavior of the four studied
systems. The origin of the differences is most probably associated with the way the particles forming
the membrane are positioned one to another and how much of their surface is available for the
ion-exchange. Figure 6 shows the measured CVC curves for all studied systems and the Table 1 shows
some of the characteristics evaluated from these CVC curves along with the surfaces of individual
systems. This table documents the following observations. The limiting current density was larger
for systems in which the surfaces of individual particles making up the membrane were smaller. The
smaller the surface of the particles was the more it acts as a point source with a radial impact on the
surrounding electrolyte. In other words the volume of the surrounding electrolyte required to be
depleted to reach the limiting region was larger for smaller isolated surfaces (such as the four-particle
membrane, Figure 4, point 1,2) than that for larger interacting surfaces (two-particle membrane,
Figure 2, point 1,2). Larger, non-isolated particles might “share” the depletion zone and thus lower
current is needed to reach depletion. The overall surface did not seem to play an essential role in
evaluating the limiting current density.

These observations are consistent with experimental data of e.g., Butylskii [32] or Green et al. [33].
In [32], the authors studied systems with surface electric inhomogeneities at which they found the
appearance of two transition times during the measurement of chronopotentiometric curves. The first
transition time is associated with the depletion of ions at conductive domains. The value of the first
transition time is strongly affected by not only normal diffusion but also tangential diffusion (diffusion
from non-conductive domains to the conductive domains). The second transition time is associated
with depletion of ions over the whole membrane. In this case, electroconvection developing at the
interface between conductive and nonconductive regions at around the first transition time plays a
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significant role in ion transport to the conductive domains [34,35]. In [33] the authors studied the effect
of conductive heterogeneity on systems of parallel ion-selective nanochannels. Their experimental
data clearly showed that an increase in the system heterogeneity (decrease in the number of parallel
nanochannels or increase in their spacing) leads to the increase in the underlimiting conductance and
the limiting current.

Figure 6. Current–voltage curves of the studied systems. The red curve represents the one-particle
systems, the black one the two-particle system, the green one the three-particle system, and the blue
one the four-particle system. We evaluated the slope of the underlimiting and overlimiting regions and
the limiting current density, which are given in Table 1.

Table 1. Characteristics of the individual studied systems and their ion-exchange area.

Membrane
Particle
Surfaces

Overall
Surface/mm2

Limiting Current
Density/A/m2

Slope of Underlimiting
Region/A/m2/V

Slope of Overlimiting
Region/A/m2/V

One-particle membrane S1 = 0.52 mm2 0.52 38.4 72.7 60.5

Two-particle membrane S1 = 0.63 mm2

S2 = 0.67 mm2 1.3 31.4 73 43.6

Three-particle membrane
S1 = 0.49 mm2

S2 = 0.50 mm2

S3 = 0.51 mm2
1.5 34.7 41 33.2

Four-particle membrane

S1 = 0.29 mm2

S2 = 0.20 mm2

S3 = 0.26 mm2

S3 = 0.28 mm2

1.03 40 64.4 44.6

The number of particles did not significantly affect the slope of the underlimiting region. Only the
system with three particles had a significantly lower value of this parameter, which is most probably
given by the additional resistance in the system introduced during fabrication. The slope of the
over-limiting region did seem to be larger for systems with a smaller overall area, however there might
be many other effects playing an important role in this case. Since electroconvection was established as
the major mechanism for the overlimiting current, one should account for the actual geometry of the
systems, the voltage and current at which the overlimiting region occurs, etc. The description of these
effects requires further experimental work.

4. Materials and Methods

4.1. Materials

The materials used in this work include: Cation-exchange resin particle Dowex® 21K from
Sigma-Aldrich (Prague, Czech Republic), anion-exchange particle Suquing 201 × 4 Cl. The chemicals
used in this work include: KCl from Penta a.s. (Prague, Czech Republic), and fluorescein (acid free)
from Fluka (ordering number: 46955).
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4.2. Electrochemical Cell

The details about the fabrication of our custom-made electrochemical cell and preparation of the
ion-exchange particle based membranes can be found in our previous papers [8,36]. Here, we only
outlined the fabrication procedure. The electrochemical cell was designed as a four-chamber cell in
which two outer chambers serve for imposing a source signal on the studied system and two inner
cells house reference electrodes for the measurement of the electric potential differences occurring on
the measured system. The two inner cells were separated with the studied membrane (see detail in
Figure 7b). At the same time, the studied membrane was fixed in the system in such a way that it
allowed one to observe the interface of the studied particles and the surrounding electrolyte e.g., by
using fluorescence microscopy. The cell itself was made of polycarbonate foil and was glued together
with the use of UV curable glue Acrifix 182. The cell prepared for measurement is depicted in Figure 7a.

Figure 7. (a) Picture of the electrochemical cell used in the experiments; (b) picture of a two-particle
system as seen under a microscope after it was fixed in the electrochemical cell and the particles were
fully swollen; (c) detail of the swollen two-particle system on its depletion side. The depicted distances
show how the surface areas used in calculating the current density were evaluated. The pictures (d),
(e), and (f) show the top view of the two cation-exchange particles used in the preparation of the
two-particle membrane system. Figure (f) depicts the two resin particles in the dry state before their
embedding into the acrylic resin, figures (e) and (f) show dry resin particles after their embedding into
the acrylic resin with corresponding measured distances.

The particle membranes were prepared by the method developed previously [36]. First, resin
particles of roughly the same size were selected from a stock (see Figure 7d). The particles were checked
for any cracks. A given number of particles were placed in a mold for their encapsulation in a UV
curable resin. The particles were placed close to each other (they were touching) and the upper part of
the mold was put in place so that the particles did not move during the encapsulation. UV curable
resin Acrifix 182 was slowly injected into the mold. Special care was taken not to trap any bubbles and
to firmly encapsulate all the particles. Due to the bottom and top cover of the mold the opposing poles
of the particles remained free of any glue. The resin was cured under UV exposure source. The particle
membrane was recovered from the mold and checked for its quality under a microscope. The top view
of the embedded particles in the dry state can be seen in Figure 7e,f. Such a membrane was fixed in
the electrochemical cell with the UV curable glue in such a way that (i) the chambers adjacent to the
particle membrane were completely separated (no leaks) and (ii) the particles were easily observable
under a microscope (see Figure 7b).

4.3. Ion-Exchange Surface Area

The active ion-exchange surface area of our membranes is determined from the microscopic
images of the resin particles. An example of the surface area determination is in Figure 7c. The particles
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making up the membrane were geometrically characterized when fully swollen in the used solution.
We measured the height and the base of the particle caps that were exposed to the surrounding
electrolyte. By determining these geometrical parameters, one could calculate the surface of each
particle cap as Ai = π(ai

2/4 + hi
2). The overall surface of every membrane was then given as the sum of

surfaces of all caps.

4.4. Experimental Set-Up

All the electrochemical measurements were performed on galvanostat/potentiostat Gamry 600 in
a four-electrode set-up. Two gold wires were used as source electrodes (current circuit) and these were
placed in the outer chambers of the cell. Two reference silver/silver chloride electrodes were used as
micro-reference electrodes. Their distance from the membrane under study was 6 mm on either side
of the membrane. The electrochemical cell was placed under a microscope Olympus BX51WI with
an attached color camera Pixelink PL-D775CU. The electrochemical experiments were controlled by
software Gamry Framework, the camera by PixeLink Capture OEM.

4.5. Measurements

The current–voltage curve was measured by setting a given current load and measuring the
voltage response of the system. Specifically the current load started at 0 μA and was stepped up at
a rate of 1 μA/s until a given final load was reached. The final load was set in such a way that the
length of the overlimiting region was roughly of the same length as the length of the underlimiting
region. These values strongly depended on the ion-exchange surface of the given membranes. These
experiments were carried out with KCl solution of concentration of 0.01 M with addition of fluorescein
at its final concentration of 10−5 M. When running the polarization curve, we also imaged the interface
between the membrane and the electrolyte solution on its depletion side. The images were taken so
that we obtained a characteristics image for each applied current.

The experiments aimed at determining the pH changes associated with a possible water splitting
reaction were performed by running chronoamperometric measurements under a given voltage. The
duration of these experiments was 5 min. After five minutes, the electrolytes in all four chambers
were thoroughly mixed and their pH was measured. In these experiments we used 0.001 M KCl in
the chambers adjacent to the membrane and 1M KCl in the source compartments. In the case of the
measurement on the anion-exchange particle system we also added another compartment with a
phosphate buffer to limit the possible effect of the electrode reaction on pH changes in the system.

5. Conclusions

Performed experiments with cation-exchange particle membranes of an increasing number of
ion-exchange domain showed that (i) there was no significant effect of the increasing number of
particles on the current–voltage curves, (ii) the main mechanism of the overlimiting current for the
studied cation-exchange particle systems was electroconvection, which manifests itself very similarly
in all cases, and (iii) water splitting did not contribute to the overlimiting current in the case of the
cation-exchange particle systems unlike the anion-exchange particle, which showed pronounced
susceptibility to water splitting. Quantitative differences in the behavior of the studied membranes
were observed, e.g., different values of the limiting current density. These differences were mainly
caused by the way the particles were incorporated into the membrane (mutual position, their available
surface) rather than the number of the individual particles.
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The authors would like to make the following corrections to their paper published in the International
Journal of Molecular Science [1]. The ionic conductivities shown in Table 1 were wrong because of
the inconsistent unit of the thickness of membranes used in the calculation. In the corrected version,
we updated the ionic conductivity and added the thickness, area, and bulk resistance of each membrane.
The following changes are noted. The changes do not affect the conclusions of the article.

1. Change in Table 1

Table 1 should be replaced with the following:
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2. Change of Figure 1

Figure 1 should be replaced with the following (the units of resistance in the insert image was
changed to [Ω.cm2]):

Figure 1. Nyquist plot of EIS for determining ionic conductivity of PPO-based separator membranes.
The values of Zre and Zim were obtained by multiplying Rb values by the samples’ area (1.766 cm2).

3. Changes in Text

Lines 11–13 of the Abstract should be replaced with the following text:
Ionic conductivity of PPO–TMA, PPO–MPY, and PPO–MIM was determined using electrochemical

impedance spectroscopy to be 17.37, 16.25, and 0.29 mS/cm, respectively.
Lines 1–11 on page 7 should be replaced with the following text:
Also, very low electrolyte uptake of PPO–MIM was reflected in the ionic conductivity

measurements, showing very low conductivity of 0.29 mS/cm determined using a Nyquist plot
of electrochemical impedance spectroscopy (EIS) (Figure 1). For PPO–TMA and PPO–MPy, the ionic
conductivity was calculated to be 17.37 and 16.25 mS/cm. Due to deficient electrolyte uptake and low
ionic conductivity of PPO–MIM, it was not included in the rest of the study.

Slightly higher ionic conductivities have been reported for the same separator membranes,
which could be attributed to the higher measurement temperature and lower KOH solution
concentration. In this study, the measurements were carried out in KOH, 7 M solution to mimic the
real cell operation condition. As can be seen in Table 1, the separator membranes absorb much less
electrolyte than they do in water, resulting in lower measured ionic conductivity.

Lines 3–5 in the Conclusion should be replaced with the following text:
They offered a good ionic conductivity of ~17 mS/cm along with very low zincate diffusion

coefficient of 1.13 × 10−8 and 0.28 × 10−8 cm2/min for PPO–TMA and PPO–MPY, respectively.
We apologize for any inconvenience caused to the readers by this error.
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