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ABSTRACT

Experimental investigations have shown that the presence of electrolytes has a strong influence on the
transfer of neutral organic solutes through ion exchange membranes used in electrodialysis. It was
further demonstrated that this influence is due to the impact of the membrane counter-ions on the
noncovalent interactions existing between the hydrated and charged polymer chains in the membrane.

The aim of this work is to investigate the structural properties of hydrated CMX membranes equi-
librated with different counter-ions. Different methods, such as Infrared spectra (IR), contact angle and
Differential Scanning Calorimetry (DSC) measurements, were used to characterize the membrane sam-
ples soaked in different electrolytes. In addition, IR spectra were calculated using a quantum mechanics
approach and compared with the experimental ones. Shifts of characteristic IR peaks as function of
membrane ionic form were observed in both experimental and computed spectra. Both spectra present
shifts to lower wavenumber in presence of cations with higher hydration number. The contact angle of
CMX membranes also increases in presence of more hydrated ions revealing a decrease of the hydro-
philicity of the membrane. Concerning DSC, the freezing temperature of the water entrapped in the
membrane polymeric network soaked with different electrolytes was measured. A shift at lower tem-
perature was found for more hydrated trapped ions. The computational and experimental membrane
structural properties were correlated with the corresponding transfer properties (sugar fluxes) and a
good agreement was obtained.

1. Introduction

way specific compounds (recycling of water, chemicals and/or raw
material), while their potential to boost the reaction processes and

The increasing demand of natural resources as raw materials is
difficult to face, especially in the view of sustainable development.
However, nowadays, considering the balance between Earth cap-
abilities and human demand, it is not more possible to postpone
the introduction of sustainable development constrains [1]. A
possible way to contrast the increasing human demand is the
process intensification that means improvement in plant effi-
ciency, minimization of energy consumption and waste produc-
tion, thus reducing costs and environmental impact.

Membrane technologies can play a primary role considering
their lower energy consumption (in comparison with traditional
methods), their capability to transport in an efficient and selective
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scale up can decrease the plants size [2-4].

In the frame of process intensification for complex fluids, the
electrodialysis has found a second life. In the past decades, elec-
trodialysis was widely applied in brackish water desalination, but
nowadays, its potentialities are investigated to improve the pro-
cess performances in chemical, food and pharmaceutical in-
dustries such as: wine productions (cold stabilization), deacidifi-
cations of fruit juice, whey demineralization, treatment of brines
or lixiviates, production of green chemicals building blocks (or-
ganic acids), purification of saccharides, textile industry waste
treatment [5-9].

However, the bottleneck for the spreading of membrane ap-
plications is in their high sensitivity to the composition of the feed
solution, which makes the prediction of system performance dif-
ficult. A strong impact of the ions on the membrane transport
properties was discovered in nanofiltration (NF) and electro-
dialysis (ED) processes. Most of the results, found in literature,



concern the case of NF and only few of them the case of ion ex-
change membranes used in ED. For instance, the influence of the
ionic composition on the transfer of a neutral solute through na-
nofiltration membranes was first reported by Wang et al. [10] in
the case of sugar (glucose or sucrose)/NaCl solutions. It was shown
that the transfer of sucrose is weakly affected by the presence of
the electrolyte. On the contrary, the transfer of glucose was found
to increase for increasing NaCl concentrations. In 2005, Bouchoux
et al. [11] have established a relationship between the hydration of
the ions and the mass transfer increase of glucose in presence of
salt. Boy et al. [12] made a step forward, pointing out that the
diffusion flux of sugars (xylose, glucose and sucrose) through a NF
membrane, in presence of various electrolytes (NaCl, NaySOg4,
CaCl,, MgCly), is mainly fixed according to the influence of the
electrolyte on the solute properties. Other evidences of the salts
effect on the transfer of organic molecules through NF membranes
have been also observed with PEG (poly ethylene glycol). The
transfer of this molecule was investigated by Bouranene et al. [13]
for inorganic NF membrane, as well as by Escoda et al. [14] with an
organic NF membrane. Both works have demonstrated that the
presence of salts (KCl, LiCl, MgCl,) increases the transfer of PEG
trough the membrane and that the salt effect depends on its
concentration as well as on its hydration. Electrodialysis can be
applied in the separation of small organic ions from salts [15,16],
but only few work are focused on the electrolyte effect on the
transport properties of the membrane. In particular, in a recent
work dealing with the transfer of neutral organic solutes through
cation-exchange membrane in diffusion condition, Galier and Co-
workers [17] found that the fluxes of three sugars, through a CMX
membrane (Neosepta) equilibrated with Na™ are more than twice
with respect to the fluxes through the same membrane but equi-
librated with Mg?*. Moreover, using a specific procedure, able to
discern whether the effect of ions is caused by their presence in
the solution or in the membrane (as counter-ions), they pointed
out that the ions inside the polymer matrix are the principal cause
for the observed trend. A successive quantum and molecular me-
chanics modeling work showed that the noncovalent interaction
energy per water molecule or water wire between hydrated
polymer chains and equilibrated with different cations correlates
with the sugar fluxes values and depends on the counter-ion. A
water wire is defined as the shortest path of water molecules
connecting two oxygen atoms of SO;~groups located in two dif-
ferent chain fragments of the membrane [18].

The analysis of the effects of various electrolytes on some key
characteristics of CMX membrane is the aim of this work. To
achieve this objective, experimental characterizations and calcu-
lation of infrared peaks are carried out. Hence, this work provides
useful information to understand, at the molecular level, the me-
chanisms at the basis of the performance of these membranes in
similar conditions. Moreover, this work aim to be a nice starting
point for future fundamental works concerned with the mechan-
isms of organic and inorganic solute transfer through membranes
for electrodialysis, taking into account the effect of applied current
density and other process parameters.

The infrared spectra of a CMX membrane soaked in various
electrolytes, are calculated in the framework of Density Functional
Theory and compared with measured experimental spectra. In
fact, molecular vibrations are very sensitive to changes in the
environmental conditions. A relationship between the presence of
different cations and the shift of characteristic infrared peaks was
demonstrated by Falk [19] with Nafion based membranes. In par-
ticular, he has pointed out that, in Nafion membrane, the effect of
the cation is highly identifiable in the water and SOs;~ vibrational
modes properties, influencing the energy of these vibrations, thus
their position in the IR spectra.

Both contact angle and differential scanning calorimetry (DSC)

methods are also used in this work. The first was chosen for its
simplicity and because it is known that changes in contact angle
are related to modifications in the membrane surface properties.
Thus, this is a way to characterize the feed-membrane interface
according to the environmental conditions. DSC is also used as it
gives information on the sample bulk allowing investigation of the
state of the water molecules in the membrane as function of the
different cations [20,21].

2. Materials and methods
2.1. Infrared frequencies computational details

The IR spectra were computed in the framework of the Density
Functional Theory (DFT) by using the hybrid functional X3LYP [22].
Structural models, formed by one cation, one or two functionalized
monomers and one water molecule, were used to describe the
noncovalent interactions between the cation functional groups
and water molecule. In order to take into account different water
arrangements in the models containing divalent cations, two in-
itial configurations were considered for Mg?* and Ca®* cations:
the first, with one water molecule in a central position with re-
spect to the two SO3~ groups and the other more external. More
information on the construction of the molecular models used in
the computational IR analysis can be found elsewhere [23]. The
model geometries were fully optimized to a minimum of energy
after which the vibrational analysis was performed.

Since the aim of this work is a qualitative comparison between
theoretical and experimental vibrational frequencies in order to
elucidate the counter-ions effect, these simple models can be
considered appropriate for this purpose. A starting geometry with
the same high theory level was not available for NH; ", thus the
vibrational modes of this cation were not computed here.

All the calculations were performed by NWChem 6.1 [24], an ab
initio computational chemistry software package with extensive
capabilities for large scale simulations of chemical systems. Triple-
€ basis sets were used for the geometry optimization and the vi-
brational analysis. On C, H, S and O atoms a “6-311G*” basis set was
applied while the “6-311+G*” set was used on the cations. The
reliability of the used basis sets and functional was tested in pre-
vious works [25,26]. The convergence criteria for the optimization
of the model geometries, based on Cartesian displacement and
gradient thresholds were set as tight [27], while the energy con-
vergence threshold, for the self-consistent field procedure, was
imposed to 108 a.u. and the root-mean-square of the electron
density to 10~ a.u.

2.2. Membrane and membrane conditioning

The membranes used in this work are CMX membranes (Neo-
septa), cation exchange membranes of sulfonated polystyrene-di-
vinylbenzene. Before the characterizations, the membrane sam-
ples were conditioned following the NF X 45-2000 standard pro-
cedure [17]. This treatment consists of a washing cycle with acid
(HCI), base (NaOH) and electrolyte solutions to clean the mem-
brane from eventual impurities due to the manufacturing process
and to equilibrate the membrane with the different cations. The
complete procedure is reported in previous work [17,23]. The
differently equilibrated membranes were stored in their own
electrolyte solutions. Before performing the analysis such as IR and
DSC, the membrane was washed in ultrapure water to remove the
excess of salt. The ultrapure water in the washing bath was ex-
changed until no more increase of its conductivity was measured.
For all the electrolyte solutions, only salts containing chloride as
anion were used in order to avoid any secondary effects that could



be due to different anions: LiCl, KCI, NH4Cl, NaCl, CaCl, and MgCl,
(hexahydrate). All the chemicals were provided by Sigma Aldrich
with a purity > 99%.

2.3. Infrared spectroscopy

The IR spectra were recorded by a Nexus Diamant spectroscope
equipped by an ATR accessory. The spectra were obtained by
averaging 20 acquisitions over a range of wavenumber from
600 cm~! to 4000 cm~! with a resolution of 4 cm~'. Since the
broad absorption of the water in the bulk and on the surface could
overlay the whole range of the spectra, the samples were dried in
oven at 50 °C for 48 h before the data acquisition. This low tem-
perature was chosen to exclude any possible influence of a thermal
stress on the samples. The data elaboration was performed using
OMNIC software.

2.4. Contact angle

Contact angles of CMX membranes soaked in different elec-
trolyte solutions were studied using the captive bubble technique
[28,29]. The thermodynamics of contact angles between a liquid
and a solid is well described by Young’s equation [30] and the
output of his work was crucial for the development of Good and
Girifalco [31,32] equation by which the surface free energy of the
membranes can estimated:

7(1 + cos 6)2

s 4(152

where v is the surface free energy of the membrane, vy, is the
surface free energy of the liquid, O is the equilibrium contact angle
and @ is an interaction parameter related to intermolecular forces
(polar, dispersive, etc.). In this work, ® can be approximated as
1 due to the close matching between the molecular properties and
the intermolecular forces of both phases [31], i.e. the membrane
can form strong hydrogen bonds with water [33]. The values of y;
for the different aqueous solutions is calculated by the Dutcher-
Wexler-Clegg method [34]. Thus, it is possible to estimate the
surface free energy of the CMX membranes soaked in LiCl, KCI,
NH4CI, NaCl, CaCl, and MgCl, solutions by measurements of their
contact angle in the different environments.

The contact angle measurements were performed at room
temperature pumping 6 pl of air to the underside of the mem-
brane and releasing the bubble by the computer controlled micro
syringe of the Dataphysics contact angle system OCA 20. The
measurements were repeated at least five times in different spots
resulting in 10 data points since two angles (left and right sides)
can be measured.

2.5. Differential scanning calorimetry

The cooling and heating cycles of the CMX membrane condi-
tioned following the NF X 45-2000 standard procedure [17] in KCI,
NaCl, LiCl, NH4Cl, CaCl, and MgCl, were measured on a Perkin
Elmer DSC 8000. The surface of each membrane was first lightly
wiped to remove superficial water. Thus, samples with a weight in
the range of 8-12 mg were sealed in an aluminum pan and equi-
librated for 1 min at 30 °C. Subsequently, each sample was cooled
at —60 °C with a scanning rate of 5 °C/min, stabilized for 3 min at
this temperature and then heated to 30 °C with the same scanning
rate. The cycle was repeated three time for each sample. The re-
iteration of the cycles was necessary because in the first cycle, the
position of the peak at the freezing temperature was not found in a
stable position. This incertitude can be attributed to different re-
sponses of the polymer network to the water volume expansion

due to the transition phase. However, after the first cycle, the
peaks are reproducible. This means that, after the first mechanical
stress (enlargement of the chain-chain distances due to the water
expansion), the membrane has a well-defined characteristic.

3. Results and discussion

3.1. Theoretical and experimental vibrational frequencies (Infrared
spectra)

The accurately optimized geometries of the chemical model, i.e.
the cation-monomers adducts/complexes are reported in the
Supporting information (Figs S.1-S.5). These structures were ana-
lyzed for the further assignment of the absorption IR bands and
their structural properties are discussed together with the IR
computed spectra.

The calculated IR spectra, relative to these models, are reported
in Figs. 1-5, while the more significant bond lengths of these op-
timized structures are reported Tables S.1-Table S.3 of the Sup-
porting information. The complete lists of assignments for each
computed vibrational mode, and a deeper discussion about the
structural properties are reported elsewhere [23].

The quantum calculations give a shift of the characteristic O-H
stretching, forming hydrogen bonding with the oxygen of the
SO5~ group, at 3461 cm ™! for Na* (Fig. 1), and at lower values in
the case of Mg?™ (Figs. 4 and 5), i.e. 3234cm ™! and 3217 cm ™!
associated to the structures of Figs. S.4 and S.5 respectively. The
optimized structure containing Ca?* and the water in external
position (Fig. S.3) shows an O-H shift similar to the stretching
associated to the Mg? " structures. Instead, the optimized structure
having the water in central position shows two vibrational modes
for the O-H stretching in interaction with the sulfonic groups:
symmetrical and asymmetrical stretching (3469 cm~! and
3530 cm ™). The computed wavenumber of symmetrical vibra-
tional mode is similar to the O-H stretching of the water in the
structure with Na™, while the asymmetrical mode is obtained at a
slightly higher wavenumber.

It is worth noting that the stretching of the O-H groups that do
not form hydrogen bonds with the oxygen of SO;~ are very similar
in all the structures containing Na®, Mg?* and Ca?* with the
water molecule in the external position, 3865 cm~!, 3875 cm~',
3878 cm~ ! and 3891 cm ™!, respectively. The Ca®* structure with
the water in a central position does not have this vibrational mode
since both the O-H interact with the sulfonic groups.

Hydrogen bond between water molecule and SOs~group is
affected by the nature of cation. In fact, with cation having higher
interaction with water molecule, the peak related to the stretching
of the O-H, with hydrogen atom forming a bond with the SO;~
group, is shifted to lower wavenumber as the strength of O-H
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Fig. 1. QM computed IR spectra of functionalized styrene-Na*...H,0 adduct (Fig.
S.1).
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Fig. 3. QM computed IR spectra of functionalized styrene-Ca®*...H,0 adduct. In-
itial position of H,O: external (Fig. S.3).
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Fig. 4. QM computed IR spectra of functionalized styrene-Mg?*...H,0 adduct.
Initial position of H,O: internal (Fig. S.4).
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Fig. 5. QM computed IR spectra of functionalized styrene-Mg?*...H,0 adduct.
Initial position of H,0: external (Fig. S.5).

bond decreases due to its double interaction with the cation and
functional group. Cations showing higher interaction energy with
water and functional group (Mg?* >Ca%?* >Na™) affect the
structure of these adducts leading to a rearrangement of the
electron density of water molecule. This interpretation is

confirmed by the changes in the cation-functional group distance,
evaluated as the distance between the cation and the nearest
oxygen of the functional group. These distances are 2.3 A for Na*,
2.1 A for Ca?* and 1.9 A for Mg?*. These computed distances are
slightly smaller than the ones computed previously [18], however
this small difference of 0.1 A is in a normal error range of com-
putational models and it is due to the differences in the two mo-
lecular models, as well as the differences in the two used level of
theory. It is important to note that a smaller distance means a
stronger interaction between the functional group and the coun-
ter-ion. This attractive interaction modifies the electron density of
the near environment, and affect, like a domino effect, the non-
covalent interactions among the coordinating water molecules
involved in the chain-chain cohesion energy as illustrated in a
previous work [18].

In addition to the O-H stretching, the scissoring vibrational
modes of the water molecules, show a cation dependence. As in
the previous case, a shift to lower wavenumbers is observed with
values of 1772 cm~?, 1761 cm~! and 1741 cm~! for similar struc-
tures containing Na*, Ca®* (Fig. S.3) and Mg?™*, respectively, i.e.
with the optimized water molecules in the external position. For
the adduct with the Ca?* in central position, an associated wa-
venumber of 1716 cm~! is found for the water scissoring vibra-
tional mode.

Together with the scissoring mode, also the structural proper-
ties of the water molecule are affected by the nature of the cation.
The optimized O-H bond lengths and angles of the water mole-
cules coordinating the cations in the models used in the vibra-
tional analysis are reported at the bottom of Tables S.1-S.3 for Na™,
Ca?* and Mg?* respectively. Moreover, a single water molecule
was optimized in vacuum at the same level of theory for com-
parison. O-H bond lengths of 0.962 A and angle of 105.9° were
obtained.

The stronger variation with respect to the value of the bond
angle in vacuum was observed in the structure containing the
Ca®™* with the water in a central position (Fig. S.2). In this case, the
angle increases of about 5°, while variations of 3° and 4° were
found for the other structures containing Ca®’* and Mg2*, re-
spectively. Otherwise, Na* has a very small influence on the H-O-
H angle.

The bond lengths analysis (07-H1 and 07-H2 for Na*, Ca?*
and Mg?*) reveals a loss of symmetry (present in the water in
vacuum), due to the stretching of the O-H bonds for the hydrogen
bonding between the O-H and one oxygen of the functional group.
The change in the O-H length (i.e. 0.961 A and 0.996 A in the
complex with Mg?*) discloses that the attractive interaction be-
tween the hydrogen of water and the functional group is strong
since the O-H bond in the water molecule is stretched in the di-
rection of the functional group.

The characteristic absorption peaks of the S-O vibrational
modes are shifted to lower wavenumbers following the interaction
energy trend: Na‘t < Ca?* <Mg?*. This cation-dependent shift
reflects a weakening of the S-O bond strength due to a modifica-
tion in its electron density. The cation showing higher interaction
with the sulphonyl's oxygen attracts its electrons producing the
computed and observed S-O stretching shift as function of cation
nature. This interpretation is also confirmed by the variation of the
S-0 length as will be discussed later.

The absorptions at 1155cm~! in the Na* spectrum,
1069 cm~!, 1075cm~! and 1087 cm~! (associated to the two
models containing Ca?*) and the 1067 cm~!, associated to the
Mg?* structures, can be assigned to the S-O stretching. The
greatest S-O shifts to lower energy in systems containing Ca®*
and especially Mg?* reveal a strong interaction of these cations
with the functional groups. A similar trend is also observed for the
asymmetrical and symmetrical ensemble stretching of the —-SO3~



group as shown in Figs. 2-5 starting from 1115 cm ™! for the op-
timized structures with Nat* down to a lower wavenumber of
979 cm~! for Ca’* and Mg?*. The presence in the computed
spectra of multiple frequencies, (e.g. 996 cm~! and 934 cm~! in
the case of Mg?*; Fig. 5), related to the symmetrical stretching
proves that the cation-functional group distance plays an im-
portant role on the interactions; Indeed it shows that the farer
functional groups are also influenced and the longer is the dis-
tance, the weaker is the influence. The presence of a cation-de-
pendent shift in all computed —-SO3~ vibrational modes is a strong
evidence of the cation influence. On one hand, the different vi-
brational modes are proofs of the counter-ion capability to interact
with the polymer matrix changing the physical and transport
properties of the membrane itself. On the other hand, the cation
dependent shift is also a proof of the interaction between the
counter-ion and the water molecules entrapped in the polymer
matrix.

The bond lengths analysis shows interesting correlation be-
tween the cations-SO3;~ distance and the properties of the func-
tional group itself. In each structure, the S-O bond, closer to the
cation, is longer than the other ones; specifically, the lengths of
these S-O bonds decrease when the distance between the inquired
S-0 and the cation increases. The length of the S-O bonds closer to
the cation depends also on the nature of the ion. Indeed the S-O
distances are longer for Mg?* (1.540 A) with respect to Ca®*
(1531 A) and Na*t (1.499 A). The changes of the S-O length as
function of the cation nature can be correlated to the attraction
between the partial negative charges on the -SOs~ and the posi-
tively charged ions reducing the nearest oxygen-cation distance,
i.e. the S-O distance is stretched to allow the oxygen-cation
approach.

To validate the conclusions/findings obtained from quantum
mechanics calculations, the experimental infrared spectra of the
CMX membrane, soaked in Na*, Ca2*, Mg?* are reported in the
Figs. 6-9 and discussed below. In addition to the IR spectra of the
membranes equilibrated with monovalent ions, the spectrum of a
membrane soaked with the ammonium ion was also measured
and reported in Fig. 9.

In the experimental spectra, the presence of wide absorption
over 3000 cm~! reveals a non-negligible presence of water mo-
lecules even if the samples were prior dried for 48 h at 50 °C. In
fact, a broad absorption zone is detected, and it can be associated
to the stretching of the O-H bonds in the water molecules in in-
teraction with other water molecules. However, the sharpest and
highest peaks present in this region can be associated to the O-H
bonds in interaction with the functional group of the membrane.

The influence of the different chemical environments, i.e. the
presence of a different counter-ion in the system, produces a shift
in these resulting peaks, as shown in Fig. 6-8. In fact, the experi-
mental peaks of the O-H stretching obtained with Na*, Ca®>* and
Mg?* are found at 3446 cm~!, 3414 cm~! and 3387 cm™ !, re-
spectively. This is in agreement with the above computed results
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Fig. 6. Experimental IR spectra of CMX membrane equilibrated by Na* as counter-
ion.
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Fig. 9. Experimental IR spectra of CMX membrane equilibrated by NH," as
counter-ion.

showing the same trend for the O-H shift as function to the
counter-ion nature. The shift to lower wavenumbers for the Ca®*
and Mg?* complexes shows that the stretching modes of the O-H,
forming hydrogen bonding, are energetically weaker with more
hydrated counter-ions in solution [35]. This result is physically
consistent since weaker O-H bonds means that the hydrogen
forms stronger H-bonds with the SO;~...Mg?* or Ca®* adducts
than with Na*. This finding allows establishing a relationship
between the counter-ion equilibrating the membrane and its
transport properties. As shown in the previous work, stronger
H-bonds between water and —-SOs~ functional group, coordinating
the different counter-ions, imply lower sugar fluxes through the
membrane. Thus, the shift of O-H frequencies as function of the
tested cations, experimentally and theoretically found, is a further
evidence to confirm the proposed mechanism to explain the in-
fluence of these cations on the sugar transport [18].

In the experimental spectrum of the membrane equilibrated
with Ca2* (Fig. 7), the presence of water in several configurations
does not allow the separation of the symmetrical or asymmetrical
O-H stretching as noted above.

Unfortunately, due to experimental limitations (instrument
resolution) the experimental peaks related to the scissoring modes
of the water molecules cannot be discussed. Then no comparison



between computational and experimental data of this particular
vibrational mode is feasible.

A shift based on the nature of the counter-ion is also detected
in the experimental spectra in the characteristic zone of sym-
metric S-O stretching, close to 1180 cm~'. More precisely, intense
absorption bands are detected at 1186 cm~! for Na*, 1179 cm !
for Ca®* and 1174 cm ! for Mg?*. Even if the difference between
the wavenumbers related to this vibration for the system with
Na® and Ca?* is close to the resolution of the instrument, the
effect of divalent cations is visible in a shift of the S-O stretching
band to lower wavenumbers with respect to monovalent cations.

A particular case is the IR spectra of the CMX membrane
equilibrated by NH4* (shown in Fig. 9). Indeed, the vibrational
behavior of the N-H bond is similar to the characteristic water O-H
vibrational modes. From the corresponding experimental spec-
trum, in the called “water zone” (over 3000 cm~!), a broad ab-
sorption is present in which three peaks are predominant at
3423 cm~ ', 3213 cm~ ! and 3055 cm~ . The last peaks correspond
to asymmetrical and symmetrical stretching of the ammonium N—
H bonds, while the first one is due to the overlap of the stretching
modes of water molecules. Considering the aforementioned re-
lationship between O-H stretching modes and the sugar fluxes
(Nba+ > INa+ >Jcaz+ >Jmg2+) [17], the above peak related to the
stretching modes of water falls at an unexpected wavenumber
since it was supposed to be found at higher wavenumber for
membrane equilibrated with NH, . In fact, considering the trend
of the O-H wavenumbers for membranes with monoatomic ions
(Na* > Ca?* > Mg?*), the peak of the H,O vibrational modes,
experimentally observed at 3423 cm~' with the membrane
equilibrated with NH;", was expected to be obtained at higher
wavenumber than the peak for the same vibration obtained with
Na* as counter-ion (3446 cm~!). The same unexpected behavior
was observed for the membrane equilibrated with NH,* for the
absorption peak related to the S-O stretching. Indeed it is found at
1173 cm~ ! while it was expected at values at least slightly higher
than 1186 cm 1.

A possible explanation for these unexpected shifts can be be-
cause the NH," is not a monoatomic cation unlike other ones
considered in that work. At the same time, the N-H bond favors
the formation of H-bonds with the sulfonated group and/or the
water molecules that can affect its vibrational mode. In fact, the
formation of one H-bond with the water molecule and/or with the
SO5;~ group can give an “anchor”/shield” effect that decreases the
absorption wavenumber. These strong interactions can be em-
phasized in the preparation of the sample, in particular during the
drying step. In fact, with the extraction of the water molecules
from the polymer matrix, the ammonium-SOs;~ interactions are
favored since water molecules that could act as a shield are re-
moved. Furthermore, a sort of weak acid-base interaction could
play a role in the band shifts i.e. a partial protonation of the
functional groups.

Even with some limitations, these data show that IR spectro-
scopy is a powerful technique to investigate ion-membrane in-
teractions, particularly when interaction spots like the functional
groups are present in the polymeric network. The shift at lower
wavenumbers can be related to stronger functional groups-water
hydrogen bonds, showing that the long and short noncovalent
interactions per water molecule or wire between the polymeric
chains depend on the nature of the cation.

3.2. Contact angle measurements

Table 1 gives the values of the contact angles obtained for the
CMX membrane equilibrated with different cations. It should be
remembered that a surface is “mostly hydrophilic’ when 0 < 90°,
and “mostly hydrophobic® when O >90°. Since for all the

Table 1
Measured contact angles 6, solution surface free energy y;, and membrane surface
free energy vs. *Li value not available by Dutcher-Wexler-Clegg method.

Aqueous solutions (0.1 M) 6+¢ (°) nmim-2)[34] ys(mJm2)
NH,CI 23.2+03 7212 66.40

KCl1 23.6+1.2 7215 66.24

NacCl 249+0.1 72.16 65.61

LiCl 259403  N/A* -

CaCl, 326+14 72.39 6143

MgCl, 457+ 0.4 72.37 52.18

conditions 0 is lesser than 90° one can conclude that the CMX
membrane is mostly hydrophilic. Moreover, contact angle mea-
surements point out a remarkable influence of the counter-ion on
the hydrophilic character of the membrane as shown from the
different values of O as function of the solution in which the
membrane is soaked. The smaller contact angle is observed for the
membrane soaked in NH4Cl, while the higher is observed for the
membrane equilibrated by MgCl,. One can deduce that for in-
creasing counter-ion hydration, the CMX membrane hydrophilicity
decreases as the following trend:

NH;* >K* >Na*t >Li* > Ca?* > Mg?+

The role of ions can be imputable to a modification of the
sulfonated group capability to interact with the external water
molecule, or rather as a sort of screening effect of the ions on the
hydrophilic sulfonated groups. In fact, in Table 1 a clear influence
of the counter-ion on the membrane contact angle is visible.
Higher is the interaction energy of the counter-ion, bigger is the
contact angle. Variations in the contact angle reveal a change of
the surface free energy of the membrane. In Table 1 the surface
free energy values () of the CMX membrane soaked in different
electrolytes, calculated from measured contact angles and surface
free energy of the liquid (7y;) using Dutcher-Wexler-Clegg method,
are reported [34]. After the correction for the liquid properties, the
trends of the impact of the electrolytes on the membrane surface
also follow the hydration number trend. Fig. 10 shows the varia-
tions of the fluxes of some saccharides as measured in a previous
work in diffusion regime though the same CMX membrane versus
the surface free energy of the membrane soaked in different
electrolytes (NH4*, Na*, Ca?*, Mg?™*). One can observe that a
good correlation is obtained. More precisely, the mass transfer
increases for increasing surface free energies.

The contact angle measurements can be also compared with
the computational work carried out in the framework of Quantum
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Mechanics/Molecular Mechanics theory in a previous work [18]. In
that prior work, the chain-chain interaction energies in the poly-
mer network constituting the CMX membrane were computed in
presence of 3 different cations (Na*, Ca®*, and Mg?™*). The chain-
chain interactions of the membrane soaked in presence of Ca?* or
Mg2* were found respectively 1.5 times and 2.5 times stronger
than the chain-chain interactions of the membrane soaked with
Na*. Thus, a higher cohesion energy between the polymer chains
corresponds to a less hydrophilic membrane, since the water
molecules cannot interact with the polymeric matrix.

Moreover, considering that cations with higher hydration
numbers have also higher hydration energies, one can suppose
that they can induce stronger intra-system interactions. Conse-
quently, the probability that a functional group of the polymer
network interacts with an external molecule is lower. The fact that
divalent cations bind to two functional groups, probably in-
troduces the effect that a part of the functional groups is pulled
away from the surface to associate with cations located inside the
membrane. As such, it can be envisaged that the surface con-
centration of the sulfonic groups may be lower in presence of di-
valent cations as compared to monovalent ones. This kind of
shielding effect could decrease the membrane hydrophilicity. Ad-
ditionally, in the case of less hydrated counter-ion, their ability to
promote intra-surface interactions is weaker, thus the probability
that an SO3~ group interacts with the environment is higher.

3.3. Thermal properties

Thermal properties can be used to characterize the state of
water confined in the CMX membrane equilibrated by different
cations, which has different properties with respect to the water in
the bulk. Indeed, due to the interactions with the membrane, the
water can have three different states: free water, freezable water
and non-freezable water [36].

The peak at 0 °C which would correspond to the free water is
not detected, that means that all the water enclosed in the
membrane is affected by the polymer matrix. In Fig. 11, the char-
acteristic peaks of the freezable water in the membrane are re-
ported for each counter-ion investigated (NH,*, K*, Na*, Li*,
Ca2* and Mg?™"). Supercooled freezing water peaks are detected
in the temperature range between —12 and —20 °C, depending
on the counter-ion used to equilibrate the CMX membrane.
More precisely, decreasing supercooled freezing temperatures
(NH4* >Na* ~K* ~Li* > Ca?*>Mg?*) are obtained for
increasing counter-ion hydrations (NH4' <K* <Na*t <Lit <
Ca%2* <Mg?™). It is worth noting the overlap of the freezing peaks
for three similar monovalent and monoatomic cations (Na*, K*
and Li*).

Temperature °C
-20 -19 -18 -17 -16 -15 -14 -13 -1z
K

+ Heat flow
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Fig. 11. DSC cooling peaks for CMX membrane equilibrated by different counter-
ions.
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Fig. 12. Sugar fluxes in function of the freezing temperature of water entrapped in
CMX membrane soaked in different electrolytes. Sugar fluxes measured in diffusion
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A good correlation is obtained between the decreasing sugar
fluxes through the CMX membrane and the decreasing freezing
temperature as function of the counter-ion as shown in Fig. 12.
More precisely, lower freezing temperatures is observed for in-
creasing counter-ion hydration, which in its turn is correlated to
lower sugar fluxes. This suggests that the freezing point of the
water entrapped in the membrane is directly affected by the
structural property of the membrane that influences also the
transfer of sugar.

The shift to lower temperatures of the freezing point of the
freezable water according to the cation reveals a change in the
state of the water due to the change of cohesion energy between
polymer chains in function of the cation equilibrating the mem-
brane. Higher is the hydration of the cation equilibrating the
membrane (and its interaction energy), higher is its impact on the
diffusion of the solutes through the membrane. It was previously
shown that the interactions between the chains are established by
“interactions path” with a polymer-water-water-polymer structure.
The water molecules involved in these interaction paths could give
rise to the supercooling effects represented by the peaks observed
at temperatures below 0 °C as shown in Fig. 11.

The temperature of the freezing peaks in the samples gives
information about the differences of free volume elements size
inside the membrane. In fact, the lowering of the triple point
temperature of a liquid probe due to the confinement in a porous
material is the basic principle of thermoporometry [37,38]. Using
the Gibbs-Thomson equation [38] it is possible to affirm that the
equilibrium temperature of liquid-solid phase transitions is de-
termined by the radius of curvature at the liquid-solid interface.
This radius of curvature is directly correlated to the available
space. Smaller is this space, lower is the freezing temperature of
the freezable liquid. In this work, the liquid phase can be always
considered as water since one can assume the cations to be part of
the solid phase due to their strong interactions with SO;~ groups.
Thus, the shift to lower temperature for divalent cations such as
Ca%* and Mg? " support the hypothesis that the interstitial volume
in the membrane decreases with increasing cation hydration.
Unfortunately a quantitative analysis of the average free volume
elements size is not possible since the developed mathematical
relationships are adapted for materials with well-defined pores
and in the range 2-150 nm [39,40] rather than a swollen network.
Considering the decreasing sugar fluxes with decreasing freezing
temperatures, it is nevertheless possible to affirm that the two
physical phenomena are correlated. Furthermore, this correlation



is supported by the output of the computational modeling shown
in a previous work that evidences a decreasing average distances
between polymer chain fragments representative of CMX mem-
branes equilibrated by Na™*, Ca?* and Mg?™*.

4. Conclusion

Both the experimental and the computational spectra present a
shift to lower wavenumber of characteristic peaks (O-H and S-O
stretching), following the hydration scale of cations in solution.
The shift to lower wavenumbers reflects an energy decrease of
these vibrational modes that means a stronger interaction of the
water molecules with the cation-SO3~ complex. Moreover, en-
ergetically weaker S-O or O-H bonds in the models containing
Ca2* or Mg?* means that the oxygen of sulfonic groups and the
hydrogen of water form stronger hydrogen bonds in the Phenyl-
SO5;~"Ca?* or Mg?* adducts compared to Na™*. This shows how
the divalent counter-ions bind stronger with the near water mo-
lecule than sodium ion.

Contact angle measurements have confirmed that the presence
of different electrolytes changes the water affinity of the polymer
matrix following the hydration of the ions in solution. The ex-
perimental data indicate that a membrane soaked with a more
hydrated cation loses part of its water affinity, even if its properties
remain in the range of a hydrophilic membrane. This behavior can
be attributed to a decrease of the accessibility of the sulfonated
functional groups due to a higher attraction with the cations.

DSC data provided the experimental proof that the state of
water inside the CMX membrane changes according to the
membrane counter-ion. Moving from less to more hydrated ca-
tions causes a decrease in the freezing point of the water trapped
in the membrane polymer network. Since a lower freezing point of
the liquid trapped in the membrane corresponds to a smaller free
volume, the decreasing of the freezing point can be associated to a
decrease of the volume accessible to water which is directly re-
lated to the membrane permeability to water and small neutral
solutes.

The trend of the physical characterizations carried out in this
work are in agreement with previous computational findings, in
which the long and short noncovalent interactions per water
molecule or molecular wire between the polymeric chains of the
membrane follow a similar trend.
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