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Abstract

Composite materials were obtained by modification of polymer ion exchange membranes with nanoparticles of zirconium
hydrophosphate and hydrated zirconium dioxide. Empirical parameters related to porosity of the membranes and ion transport were
proposed. Nanoparticles (4-20 nm) in clusters and channels of ion exchange polymer improve transport of counter-ions: transport
number of cations increases from 0.46 to 0.78 under limiting current. The aggregates in non-transport pores are a barrier against
organic matters. The composites were applied to whey electrodialysis. Current efficiency reaches 97 % for K*, Na*, Ca?*, Mg?*
cations and 11-22 % for HPO4* and H2POy" anions.
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Electrodialysis, theory and practical application of which is considered in [1], are used for removal of toxic ions
from liquid industrial wastes, particularly for regeneration of galvanic bath [2], production of drinking water [3],
desalination of mine water [4], recovery of organic and inorganic acids from multicomponent solutions [5], production
of salt concentrates [6] and for many other purposes. Electrodialytic separation is also applied to food industry, it is
used, for instance, for whey desalination [7]. Polymer ion-exchange membranes, which are applied to electrodialysis
[1-7], accumulate organics and microorganisms [8]. As a result, the separation is blocked.

The problem can be solved using organic-inorganic membranes. As known, polymer membranes, which contain
inorganic nanoparticles, are stable against fouling during baromembrane separation [9]. Similar approach could be
applied to ion exchange separators. However, the attention is focused on proton conductive organic-inorganic cation-
exchange materials. The information about the membranes of this type for electrodialysis is rather limited: the
composites were obtained by adding of metal oxide to polyethersulfone directly during the membrane formation [10].
Another approach is modification of the membranes, which are produced by industry, with nanoparticles of inorganic
ion-exchanger [11]. This way allows us to incorporate single nanoparticles [12-14] or their aggregates [15]. Each type
of the particles affects functional properties of the membranes, however, this problem was not researched. At last,
organic-inorganic membranes were not applied to objects of biogenic origin.

The aim of the work is to establish interrelation between porous structure of ion exchange polymer matrix and
functional properties of the membranes and to find out functions of inorganic particles, which are located in different
pores of the matrix. This information is necessary in order to form required properties of the membranes. The
composites were applied to whey electrodialysis, this liquid contains proteins, which poison the membranes.

Such inorganic ion-exchangers as zirconium hydrophosphate (ZHP) and hydrated zirconium dioxide (HZD) were
chosen as fillers. ZHP is a weakly acidic ion-exchanger due to (-O),PO,H and —0POsH> groups; its maximal capacity
is reached in neutral solutions [16]. HZD sorbs anions (An") mainly in acidic media:

—~OH+HAn<>-OH,"An, o
and cations (Cat) from alkaline solutions:
—O'H"+Cat"«<>—OCat"+H", 2)

Isoelectric point is reached, as a rule, in neutral media: under these conditions cation- and anion exchange capacities
are equal. Functional properties of the membranes are determined by ion-exchange ability of the filler.

2. Experimental
2.1. Modification of ion exchange materials with inorganic constituents

Heterogeneous MC-40 cation exchange and MA-40 anion exchange membranes (Schekinoazot, RF), a thickness of
which in a swollen state is about 600 um, were investigated. The cation-exchange membrane (further CM) was produced
from CU-2 ion-exchange gel-like resin (65 mass %) containing —SO3H groups. The anion-exchange membrane (further
AM) was made of EDE-10P anion-exchange resin (55 mass %), which contains -NR3", =NH and —NR» groups.

The procedure of the CM modification involved following stages: (i) impregnation of the membrane (its area was 25
cm?®) with water for swelling; (ii) impregnation of the wet membrane with a 1 M ZrOCl, solution for 24 h at 298 K (a volume
of the solution was 25 cm?); (iii) multiple washing with a 0.01 M HCI solution up to pH 2 of the effluent for removal of
additionally sorbed electrolyte (a volume of each portion of acid solution was 250 cm 3); (iv) treatment of the resin with a 1
M H;PO; solution (25 cm®) at 298 K; (v) multiple washing with deionized water; (vi) drying in a desiccator over CaCl, at
298 K down to constant mass; (vii) treatment of the sample with ultrasound at 30 kHz using a Bandelin device (Bandelin
Electronic) for cleaning, (vii) drying in a desiccator, (iv) weighting and storage in deionized water.

The procedure of the AM modification was similar to that described above. However, the (ii) stage involved impregnation
of the membrane with a 1 M NH4OH solution, deionized water was used for washing in (iii) stage, the sample washed down
to pH 8 of the effluent. Further a 1 M ZrOCl, solution was used to precipitate HZD ((iv) stage).

As found, the amount of ZHP in the CM and HZD in the AM was 5.7 and 4.5 mass %. Modification of CU-2 and
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EDE-10P granulated ion-exchangers was performed by a similar manner.
2.2. Morphology of the ion-exchange materials

SEM images of cross-sections of the membranes were obtained by means of a JEOL JSM 6700 F and JEOL JFC-1600
scanning electron microscopes (Jeol). A platinum layer was deposited onto the membrane surface at 3 Pa using an JEOL
JFC-1600 Auto fine coater (Jeol). TEM image of the modified ion-exchange resin (preliminary crashed and treated
with ultrasound) was obtained with a JEOL JEM 1230 transmission electron microscope (Jeol).

The method of standard contact porosimetry [17] was applied to the membranes, porous structure of which is
formed during swelling. Preliminary the samples were vacuumized at 343 K. Water was used as a working liquid.

2.3. Characterization of the membranes and whey electrodialysis

Two-compartment cell supplied with platinum electrodes was used for measurements of electrical resistance of the
membranes. The compartments were filled with NaCl solutions of equal concentration (1-40 mol m). The measurements
were carried out using an Autolab impedance system in a frequency interval of 102-10° Hz, the cell resistance was
determined as a wide plateau of frequency dependence of the real part of impedance. The membrane resistance was
calculated as a difference between resistances of the cell with and without membrane [18].

Voltammetric measurements were performed according to four-electrode scheme [19], which involved two-
compartment, two platinum working electrodes (connected with a power supplier and ammeter) and two Ag/AgCl electrode
connected with a voltmeter. The equipment is listed in [20]. The reference electrodes were supplied with Luggin capillaries,
which defined a clear sensing point for the reference electrode near the two sides of the membrane. An effective
membrane area was 4 cm?, a distance between the membrane and each working electrode was 4 cm, a cross-section
area of each compartment was 16 cm?. A neutral NaCl solution (40 mol m™) was passed through each compartment
with a flow velocity of 3 cm? s! using 2 centrifugal pumps.

Experimental set-up involved three-compartment divided cell, two independent liquid lines, power supplier and
measuring instrumentation mentioned above. A scheme of the membrane system was as follows: cathode compartment
— CM - desalination compartment — AM — anode compartment. Pairs of pristine or composite membranes were used.
Geometrical parameters of the cell were similar to those listed in [20]. Whey (1.5 dm?®) circulated through the
desalination compartment with a flow velocity of 5 cm® s7! (first line). A 0.1 M HCI solution (1.5 dm®) circulated
through the cathode and anode compartment (second line).

Electrodialysis was performed at 20 mA. The content of Ca?" and Mg?" ions in the concentrate was determined by
means of atomic absorption method using a Pye Unicam 8800 UV/VIS device (Philips), concentration of K* and Na*
ions was analysed using a PFM-U4.2 flame photometer (Analitprylad, Ukraine). Phosphorus content was determined
as molibdovanadophosphoric acid [21] with a Shimadzu UV-mini 1240 spectrophotometer (Shimadzu).

3. Results and discussion
3.1. Visualization of the inorganic constituent

As known, porous structure of swollen ion-exchange membranes involves a system of transport pores, where
functional groups are placed [22]. The transport pores are a system of nanosized clusters and channels between them.
Hydrophobic fields of hydrocarbonaceous chains form larger pores. Since these voids are free from functional groups,
a liquid inside them contain both counter- and co-ions. Porous structure of heterogeneous membranes involves also
structural defects and voids between the polymer and binder.

Impregnation of the cation-exchange resin with a ZrOCl, solution followed by treatment with phosphoric acid
causes deposition of the non-aggregated nanoparticles (4-20 nm) inside the polymer matrix [12,13]. They are evidently
stabilized by walls of the transport pores. The aggregates (up to 100 nm), which are located outside transport pores,
have been also found. In the case of anion-exchanger, single nanoparticles as well as the aggregates are visible in the
TEM image (Fig. la).
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Fig. 1. TEM (a) and SEM (b, ¢) images of modified anion-exchange resin (a), composite cation-exchange membranes (b, ¢), where structure
defects (b) as well as pores between the ion-exchange polymer and binder (c) are visible.

Similar regularities of deposition of the inorganic constituents are undoubtedly characteristic for the membranes.
The cation-exchange membrane evidently contains both non-aggregated nanoparticles and their small aggregates.
Some aggregates of micron size are visible in SEM image (Fig. 1b), they are placed in structure defects of the ion
exchange polymer constituent of the heterogeneous membrane. No aggregates of comparable size are seen inside pores
between the polymer and binder (Fig. 1c).

3.2. Porosity of the membranes

Both bulk and particle density tend to increase (cation-exchange membrane) and decrease (anion-exchange one)
after modification (Table 1). Total porosity of the pristine and modified membranes is practically the same. Since the
conditions of thermal pretreatment before the measurements cannot provide dehydration of the inorganic filler, the
results are related only to the polymer. Several half-waves are visible in integral pore size distributions, which are
plotted as dependencies of pore volume (¥) vs pore radius (») (insertions of Fig. 2). An area of each peak of differential
distributions (Fig. 2) corresponds to a volume of each type of pores. Micropores (intersection of the integral plot with
the ordinate axis) as well as small pores (7 =2.5 nm) evidently correspond to channels. Pores, radii of which are 16
and 40 nm, are related to clusters and voids outside them respectively. Pores at » =630 -1000 nm are attributed to
structure defects. The largest pores are between the ion-exchange polymer and binder.

Table 1. Density, porosity and specific surface area of the membranes

Sample Density (cm’g™) Porosity Specific surface area per Specific surface area per
weight unit (cm? g™) volume unit (cm? cm™)
bulk particle micropores total micropores total micropores total
pristine CM 0.69 1.33 0.23 0.47 485 560 333 392
composite CM  0.71 1.34 0.22 0.47 459 542 325 384
pristine AM 0.68 1.15 0.14 0.41 291 374 197 253
composite AM  0.66 1.11 0.12 0.40 265 345 176 229

A decrease of specific surface area per mass unit due to micropores (6 and 9 mass % for the CM and AM
respectively) for the composites in a comparison with pristine membranes is higher than a content of the inorganic
constituents indicating a change of swelling of the modified polymer. Regarding the CM, a decrease of porosity due
to clusters and non-transport pores is compensated by a growth of volume of macropores of micron size. Modification
of the AM causes a decrease of volume of cluster, channels and structure defects. A volume of pores at 7 =40 nm
increases, the porosity caused by voids between the ion-exchange polymer and binder also grows.



3868 Yuliya Dzyazko et al. / Materials Today: Proceedings 2 (2015) 3864 — 3873

0.4 04 |
7:,, jm (o
"8 f—, 0.2 ) -
5 c < 0.2 ; N
S 02 ,J}”/y Membrane = /f. Membrane
=0 —@—— pristine o i —@&—— pristine
0.3 4 — -0 —  composite b b [ — -0 —  composite
8 ' N
p 0.0 : — > 0 2 4
' 0 2 4 £ 03 log r (nm)
& log r (nm) —.:
‘o 0.2 l‘ ol
- Membrane | =
5 isti | 2 02
~ pristine i = Membrane
= SNV site ) o g
5 composite | é pristine
Z 0.1 1 2 — — composite
]
S l > 0.1 .
= P | 2
0.0 0.0
0 1 2 3 4 5 0 1 2 3 4 5

log r (nm) logr (nm)

Fig. 2. Differential pore size distributions for the pristine and composite cation-(a) and anion-(b) exchange membranes. Insertions are the integral
pore size distributions.

Based on results of TEM and SEM, it is possible to assume the influence of the inorganic constituent on porous
structure of the composite membranes. Regarding the CM, the ZHP particles are placed in channels, clusters, non-
transport pores and structure defects. They reinforce a tendency of the intraporous liquid to dilution (increase of
volume of a certain type of pores). However this tendency is depressed by a partial screening of transport pores and
pores with a radius of 40 nm with ZHP particles. Thus two mentioned effects are in a contradiction with each other.
Hydration of structure defects of the composite CM is also reinforced by osmosis due to ZHP. Increase of porosity
due to voids between the ion exchange polymer and binder can be rather a result of a growth of the polymer volume
after modification. Indeed, the nanoparticles inside granulated ion-exchanger causes a growth of the grain size.

In the case of composite AM, osmosis is evidently insufficient, since isoelectric point of HZD is reached in neutral
solutions [16]. Thus, a decrease of volume of the transport pores is mainly due to screening of clusters. This effect is
also characteristic for structure defects. However, location of HZD in pores containing hydrophobic parts of
hydrocarbon chains improves their hydrophilicity: a volume of pores at 7 =40 nm of the modified membrane is K
higher than those of the pristine membrane.

A change of porous structure of the modified membranes undoubtedly affects ion transport though them. This

problem is considered further.

3.3. Electrical conductivity

Specific electrical conductivity of the membranes (E ) is plotted in Fig. 3 as a dependence of the solution
concentration (C). A decreasing of the C value causes reduction of the membrane conductivity, which involves also
transport through clusters and channels (surface and fluid conductivity, if the diffusion parts of electric double layers
(EDL) inside clusters are not overlapped). The fluid conductivity diminishes with a decreasing of concentration of the
outer solution, a contribution of the surface conductivity into ion transport becomes stronger. At last, in the region,
which corresponds to solution concentration of 2 - 1 mol m=, the conductivity increases evidently due to overlapping
of the EDL in clusters (exclusion of fluid conductivity).

A radius of clusters can be calculated as [23]

&,6,RT
e 2F°C ®
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where ¢ is the dielectric permittivity of vacuum, ¢ is the dielectric constant (80 for water), R is the gas constant, F'is
the Faraday constant, T is the temperature, C is the concentration of outer solution, which corresponds to minimum
of the x - C curve (C=1 mol m™). A radius of the clusters was found to be 10 nm, this is in a good agreement with
the data of porosimetric measurements (15 nm).

If the ion exchange membranes are in a contact with a solution of 1:1 electrolyte, their conductivity is determined
as

>

k=FluC +C,(u,, +u, )| 0)

nt+
where u; and C, are the mobility and concentration of counter-ions in transport pores, Cy is the electrolyte

concentration in non-transport pores, u,. and u,- are the mobility of counter- and co-ions in non-transport pores.
When Cu(Un +un-)>>u,C., , the electrolyte concentration in non-transport pores can be calculated as:
— K

Cnt e
F(Unt+ +unr—) ' (5)
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Fig. 3. Conductivity of membranes as a function of concentration of  Fig. 4. Conductivity of membranes as a function of conductivity of
outer solution. Insertion — relation of concentrations of intraporous and  outer solution.
outer solutions as a function of concentration of outer solution.

A Cp / C ratio is plotted in insertion of Fig. 3 as a function of concentration of outer solution. This ratio increases
in the region of low concentrations (pristine membrane) or passes through slightly expressed minimum (composites)
and further stabilizes. A minimum is probably caused by a screening effect of the inorganic particles in non-transport
pores. The plateau corresponds to the concentration region, at which the conductivity is determined mainly by the
electrolyte in non-transport pores.

The x— K plots (where Kk is the conductivity of outer solution) are represented in Fig. 4 in semi-logarithmic
coordinates (without the region, when the surface conductivity makes the greatest contribution into the x value).
Extrapolation of the curve to the ordinate axis gives a value, which corresponds to the ion transport only through
clusters and channels (Table 2). These x magnitudes are higher for the modified membranes due to participation of
counter-ions of inorganic constituents in ion transport. Linear fields of logIZ' — K curves are related to the
concentration, where the membrane conductivity is mainly due to the electrolyte in non-transport pores. Thus:

logx =b, +b,x (6)
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The b, parameter means logarithm of membrane conductivity, if K — 0 and a thickness of the EDL inside clusters
is constant. The b, coefficient is a specific resistance of the outer solution, at which a difference of log x — b, is equal
to 1. The empirical coefficients characterize screening of the solution conductivity with the solid.

Table 2. Parameters, which characterize porous structure and functional properties of the membranes

Sample x x10°*
b, b, Ohmm) (K —>0), a r T (i=im)
(Ohm™ m™)
pristine CM -1.46 1.33 5.62 1.85 1.59 0.46
composite CM -2.19 1.10 6.97 1.76 1.50 0.78
pristine AM -2.11 1.13 391 1.35 0.98 0.93
composite AM -2.34 1.10 5.81 1.11 091 0.81

3.4. Interrelation between polymer porosity and membrane conductivity

Ion transport through the ion-exchange membranes is determined by a ratio of volumes of different types of pores
[12, 13]. Earlier we have proposed the & parameter: it is a ratio of volumes of transport pores and pores, which are
free from functional groups [12]. The movement of species through the cluster-channel system depends also on the
content of bonded and free water. The mobility of species in bonded water (a thickness of its layer is 1.5 nm [19]) is
rather low. Conversely, the mobility in boundary and free water is similar to that for a solution. The } parameter,
which is a ratio of smaller and larger transport pores, has been also proposed [12]. The mentioned characteristics were
obtained using the data of the integral pore distributions and listed in Table 2. The @ and } parameters reflects the
influence of polymer porosity on membrane conductivity at & — 0 and K >0 respectively.

The modified membranes show a decrease of the & and 7 parameters in a comparison with the pristine materials.
This means screening of transport pores, especially clusters and a growth of porosity caused by non-transport voids.
However, a decrease of the b, and b, parameters shows transport of ions through pores between nanoparticles of the
aggregates. The slowdown of ion transport is evidently due to aggregates, which are located in pores with a radius of
40 nm. Normally, ZHP is characterized by higher ion-exchange capacity in neutral media than HZD [16]. Thus, more
significant decrease of the b, and b, values for the CM in a comparison with the AM is probably due to higher
content of small aggregates or more compact packing of nanoparticles, which form these aggregates. Increase of the

K value, which corresponds to K —> 0, is evidently due to particles in transport pores.

3.5. Voltammetry

Typical voltammetric curves for the membranes are given in Fig. 5.
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Fig. 5. Voltammetric curves for the pristine and modified cation- (a) and anion- (b) exchange membranes.
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The first and second regions correspond to current, which is lower than the limiting value (i, ). The second one is
related to concentration polarization (depletion of the solution at the solid-liquid interface in pores between the ion-
exchange polymer and binder) at i<0.75 i, . This is typical for heterogeneous membranes [24]. The plateau is due to
limiting current. Further growth of the current is attributed to overlimiting conditions, where the ion transport is due
to also H" ions, which are formed during water split.

The voltammetric curve for the modified membrane is characterized by a linear region at i=0.75 i}, , it means no
concentration polarization inside pores. Since no particles were found in the largest pores, their screening is due to
small aggregates, which are located in pores with a radius of 40 nm. The aggregates prevent penetration of additionally
sorbed counter- and co-ions inside pores between the ion exchange polymer and binder. The limiting current for the
composite CM is higher than that for the pristine membrane. No concentration polarisation at i<0.75i;m is also
observed for the composite AM, but the limiting current is lower in a comparison with pristine AM.

The limiting current is due to both migration and diffusion

iim = (1+]24 | /|2,]) FEC 125). @)

Here k is the mass transport coefficient, z is the charge number. Since the correlation equation is
Sh=1 .62(d ReSc/ L)O'33 [26], where Sh, Re, Sc are the Sherwood, Reynolds and Schmidt criteria respectively, d and L
are the distance between the membrane and electrode (0.04 m) and height of the compartment (0.04 m) respectively.
The criteria are determined as Sh=kd/ D, Re=dw/v , Sc=v /D ,where D is the diffusion coefficient in a solution,
@1is the superficial flow rate (1.87-102m s™!), vis the kinematic viscosity (8.99 m? ¢! [27]). Thus, Sc =691 (Na*) and
449 (CI"), Sh=129 (Na*) and 112 (CI), Re=832. Thus, the mass transport coefficient was estimated as 4.19x10
(Na®) and 5.60x10° (CI') m s’!. At last, we can calculate the effective transport number of species through the
membrane at i=ijim:

T Llim ®)

[1 + |ZC‘”|]FkC

|ZAn|

The T value for the modified CM is higher than for the pristine one due to screening of non-transport pores with ZHP
aggregates, which form secondary membranes inside the polymer. HZD deteriorates charge selectivity evidently due
to passage both cations and anions through the “secondary membrane”. Indeed, isoelectric point is reached for HZD
in neutral media. A contact of a one side of the membrane with acidic solution is necessary.

3.6. Electrodialysis testing

Table 3. Effective transport numbers obtained during whey desalination (i=0.75#,=12.5 A m™)

Membranes Time (h) K Na' Ca* Mg Zf H,PO4, HPO,*
cation,s
Pristine 1 0.347 0.056 0.058 0.010 0.471 0.102 - 0.275
3 0.340 0.300 0.152 0.037 0.829 0.005 -0.010
5 0.182 0.386 0.292 0.017 0.877 0.033 - 0.066
Composite 1 0.364 0.203 0.148 0.081 0.796 0.011 -0.023
3 0.410 0.172 0.305 0.078 0.965 0.049 - 0.098

5 0.440 0.134 0.328 0.073 0.975 0.114-0.221
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Whey electrodialysis was performed at i =0.751; . No sufficient decrease of amount of mineral components in
whey was found during the process. The pH of the whey was about 6. Thus, a change of transport numbers reflects
only membrane features and state of species in the liquid being purified. Fluxes of ions through each membranes ( N
) were calculated as dn/(Adr)[26], where 1 is the amount of species in concentration compartments, 4 is the
membrane area. The 7 values were determined as zF'N /i [26] and given in Table 3. For H,POs and HPO4>ions,
z =1-2. Whey also contains CI" anions, however their transport was not investigated.

In general, the effective transport numbers of cations increases in time (except Mg?*). The composite CM shows
higher T" value in a comparison with the pristine membrane. The modified AM demonstrates higher permittivity
towards HyPO4~ (HPO4?) anions, their flux increases in time. The flux through the pristine AM decreases due to
accumulation of organics.

Conclusions

The inorganic ion-exchange constituent is located in transport (non-aggregated nanoparticles) and non-transport
(aggregates) pores of the polymer matrix. Due to osmotic and screening effects, the filler causes a change of pore
volume. The aggregates form “secondary membranes” inside non-transport pores, this complicates penetration of
additionally sorbed electrolyte inside the membrane. This prevents concentration polarization in pores, a size of which
is larger than 10 um. According to voltammetric measurements, the composite membranes behave like homogeneous
separators.

In neutral media, charge selectivity of the “secondary membrane” is characteristic only for ZHP, which possesses
considerable ion exchange capacity under these conditions. Insertion of this filler inside cation-exchange polymer
results in an increase of transport numbers of counter ions. ZHD is able to exchange both cations and anions in neutral
solutions. Its insertion into the AM deteriorates charge selectivity of the membrane in neutral media. Thus, a contact
of a one side of the membrane with acidic solution is necessary.

The membranes were applied to whey desalination. In opposite to pristine membranes, which are poisoned with
organics, fluxes of ions through composite separators increases in time. The current efficiency reaches 97 % for K™,
Na*, Ca?", Mg?* cations and 11-22 % for HPO4>* and H,PO4 anions. Ascertainment of the most suitable conditions of
electrodialysis and :optimization of the stack configuration are necessary for further development of the process, which
involves the composite membranes.
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