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ABSTRACT

The objective of this study was to enable precise evaluation of Donnan separations, under diffusion
controlled conditions, using the ion exchange membrane selectivity coefficient, Kc. This was accom-
plished by experimental measurement of the selectivity of Selemion® AMV anion-exchange membrane
toward nitrate, bicarbonate, phosphate and sulfate, and analyzing batch Donnan separations data of
these target ions with NaCl stripping solution according to flux equations which take into account the
membrane selectivity. By fitting the experimental separation data to the model equations, kinetic coef-
ficients characterizing the Donnan dialysis were determined for both the simplified case of Kc =1 and
for the more precise case based on the experimental Kc value. The difference in the kinetic coefficient
based on the simplified case of Kc =1 and on the experimental Kc value is around 10% for sulfate ions,
20% for the nitrate and bicarbonate ions and approximately 40% for the phosphate. These differences
may cause deviation in evaluating the time required to achieve a desired target ion removal.
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1. Introduction

Donnan dialysis process utilizes diffusion of target-ions
through an ion exchange membrane (IEM) to attain separation
or concentration of ionic species. Ion exchange membranes
bear fixed charges in the polymer matrix which allow passage
of the oppositely charged target—ions from a feed solution to a
receiver solution with counter migration of stripping counter—
ions from the receiver to the feed [1-6]. Transfer of target —
ions from the feed solution to the receiver solution involves
the following steps: mass transfer of the ions from the solution
bulk to the solution membrane interface; migration of the ions
from the solution interface into the membrane; diffusion of
the ions through the IEM from to its feed side to its receiver
side; migration of the ions from the membrane receiver side
to the solution interface; mass transfer of the ions from mem-
brane-solution interface to the to the receiver solution [3].

When IEM containing AP~ counter ions is introduced to
a solution having BT target ions, the following equilibrium

* Corresponding author.

between the membrane and the bulk solution phases is
established [6]:
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An important IEM property is its affinity to different
ions, defined by the selectivity coefficient:

KA_[[AL,J [[Blu,) K, @)

where K}, is the selectivity coefficient with regards to ions B
and A; the indices w and m refers to the concentration at the
solution side of the membrane-solution interface the concen-
tration at membrane side respectively.
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The selectivity coefficient is a measurement of the
preference of the IEM membrane toward some ions. The
greater the selectivity coefficient, the greater the preference
for the ion; B ion is preferred by the membrane for K% > 1,
while A ion is preferred at K% < 1. It is reported that the ion—
exchange selectivity coefficient is practically independent of
ionic composition, so that possible gradients of ionic activity
coefficients balance one another and thus have little effect on
the ionic fluxes [7].

The mobility of ions in the IEM is controlled by their
size, their interaction with the fixed ionic groups and the
cross-linking density of the IEM. In general, ions with higher
valence and smaller hydrate radius have a higher permea-
bility compared with ions with lower valance and larger
hydrate radius [2,8]. The preference of the higher valence ion
is explained by the Donnan potential which is proportional
to the ion valence [9]. Ions with different hydrated radii may
be differentiated based on a size sieving effect. The general-
ization that ions with smaller hydrate radius are preferred by
the IEM is not always valid. For larger ions the sieving effect
in some IEM membranes cancels the electro—selectivity and
therefore, the permeability these ions is significantly reduced
[8]. Non—ionic van der Waals or hydrophobic interactions
between the ions and the matrix can also affect binding [9].

The selectivity coefficient may influence the flux of
a target—ion through an IEM due to its effect on the intra—
membrane interfacial concentrations. Velizarov et al. [10]
conducted a theoretical analysis of the effect of the selectiv-
ity coefficient on the flux of nitrate through Neosepta ACS
membrane. They showed that the flux increased with the
selectivity of the membrane toward nitrate with chloride as a
counter ion from K =1to 5, after which the increase in the
flux was modest up to K}* =10. This was explained by the
decreasing weight of the membrane-associated resistance in
the flux equation.

The simple Donnan dialysis model derived in our previ-
ous publications [4,5] was based on the simplifying assump-
tion that the membrane selectivity coefficient Kc is equal
to 1. The objective of this study was to enable more precise
evaluation of Donnan separations using measured Kc val-
ues. This was accomplished by experimental measurement
of the selectivity of Selemion® AMV anion—exchange mem-
brane toward nitrate, bicarbonate, phosphate, and sulfate
and analyzing batch Donnan separations data of theses tar-
get ions with NaCl stripping solution according to modified
equations which take into account the membrane selectiv-
ity. When the mass transfer coefficients and/or the solution
concentrations are relatively low the kinetics of the Donnan
system is controlled by mass transport of the ions through
the boundary layers at the two membrane sides. Under these
conditions, the magnitude of the selectivity coefficient has a
negligible effect on the Donnan separation. The magnitude of
the selectivity coefficient has an effect on the Donnan separa-
tion only in the case of diffusional transport control.

2. Flux rate equation under diffusion controlled conditions

The following mass balances constrain a system of a KB
salt in the feed solution and NaA salt in the receiver solution.
In the analysis presented herein, the target—ion B may be
monovalent (g = 1) or divalent (g = 2) while the counter ion

A~ is monovalent. The concentration change with time, in a
batch mode operation of a dialyzer for monovalent ions, is
given by the following dimensional differential equation in
which Kc =1 [4]:

Bl _ S ,)[BL _[B] 3)
dt V. °|IK'], [Na’],

where S is the membrane area (cm?), V, is the feed solu-
tion volume (mL), P, is the overall kinetic coefficient
(mol/m*h; P, =[X,]-D, /), [X '] is the exchange capacity
(mol/m®), D, is the membrane diffusion coefficient (m?h),
0, is the membrane thickness (m), [B],, and [B7], are the tar-
get-ion concentrations in the feed and receiver respectively
(mmol/L), [Na*],and [K*] are the initial NaA and KB salts
concentration in the feed and receiver respectively (mmol/L).

The concentration change for the divalent target-ion is
given by [5]:

AB*], S s o
iy BB B @

F

where [Bz’]ml, and [B*]
the membrane feed and receiver sides respectively, (mmol/L)
and P, is the membrane permeability coefficient (m/h;
P =D /5 ).

The following electro-neutrality and mass balance condi-
tions were used in solving the earlier equations, as explained

in detail elsewhere [4,5]:

, are the target-ion concentrations on
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The selectivity coefficients in both the feed and receiver
sides are given by:

q _
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where subscripts 1 and 2 represent feed and receiver solu-
tions respectively, subscript m is the concentration on the
membrane side.
The final equations for the monovalent and divalent tar-

get ions, which include the selectivity coefficient Kc, are as
follows:

(10)
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3. Experimental setup
3.1. Ion exchange membrane properties

Selemion® AMV anion exchange membrane, obtained
from Asahi Glass (Japan), was used. The membrane prop-
erties are as follows: thickness § = 0.012 cm; ion exchange
capacity = 1.85 meq/g; density p = 1.09 g/cm? and exchange
capacity [X, *] =2016 mol/m’.

3.2. Kc determination

The selectivity coefficients of nitrate, phosphate, bicar-
bonate, and sulfate, were determined according to the
method of Vyas et al. [11]. In brief, cut-off samples of the
membrane (4 x 4 cm?) were conditioned for 48 h using 1 M
HCl followed by 48 h with 0.1 M NaCl solution. A membrane
sample was then immersed in a solution containing a cer-
tain target ion concentration mixed with 15 mmol/L of NaCl
solution in a water bath (100 rpm), at 25°C, until equilibrium
was achieved. The residual target ion concentration enabled
determination of Kc (Eq. (2)).

The target-ion concentrations examined in the Kc and
Donnan separations are listed in Table 1. A total of 10-15
replicates (with different membrane pieces) were carried out
for each target—-ion Kc determination. In the phosphate and

bicarbonate experiments, the presence of monovalent ions
was ensured by controlling the solution pH values at 5.8 and
7.8 respectively, which provided over 96% of the monovalent
species.

3.3. Donnan dialysis kinetics

Dialysis experiments were performed to measure the tar-
get-ions change with time under diffusion-controlled condi-
tions. A batch recycle system, described in detail elsewhere
[4,5], was used. The receiver solution was filled in all runs
with 2 L of 1,000 mmol/L NaCl. The feed solution was filled
with 2 L of a target ion concentration in the range listed in
Table 1.

3.4. Analytical methods

The analyses of phosphate and sulfate ions were car-
ried out using Hach DR2800 spectrophotometer meth-
ods 8048 and 8051 respectively. Nitrate ions concentration
was determined by direct absorption measurements at
A = 220 nm (Evolution 201 UV-VIS spectrophotometer,
Thermo Scientific). Bicarbonate was determined using HCI
titration (Method 2320B [12]).

4, Results
4.1. Kc values

Fig. 1 displays experimental Kc values obtained for var-
ious inlet concentrations of nitrate, phosphate, bicarbonate,
and sulfate solutions, with chloride as a counter—ion. It is
seen that the initial target—ions concentration did not affect
the Kc values. Similar results were reported by Vyas at al. [11]

Table 1
Experimental conditions for Kc and Donnan dialysis
Anion Concentrations (mmol/L) pH
Kc exp. Donnan exp.
NO,” 0.5-4.0 23-82 7.1
HCO, 0.6-4.2 21-77 7.8
H,PO,” 0.1-0.2 22-91 5.8
SO, 1.0-4.5 2540 7.1
10 0.5
9 ONO3 OHCO3 AH2P0O4 x304
8 B o O 04 o
© =] o =)
& 7 B 03 &
£ o) -
6 8 8 o 8 2
A=l S
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N "gj % : f 0.1
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Fig. 1. Kc as a function of the initial target ions concentration.
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and Malewitz et al. [13]. The average calculated value of the
selectivity coefficients are displayed in Table 2. For the nitrate
ion Kc > 1, indicating its preference by the membrane com-
pared with the other three ions at which the experimental
Kc < 1. The high Kc value of nitrate can be partially attributed
to the higher stability of nitrate within the less hydrated envi-
ronment of the membrane matrix [10].

Overall, the selectivity coefficients follow the order of
NO, >> HCO, > H,PO, > SO*. This anion selectivity order
does not follow the trend of the hydrated radii but rather
the trends of the thermochemical radii and the diffusion
coefficients, all listed in Table 2. It is seen that the higher
the diffusion coefficient the higher the Kc of the monova-
lent ions. Additionally, the selectivity sequence reflects the
hydrophobicity of the aqueous anion. The larger the ther-
mochemical radius, and the lower the charge density and
hydration energy, the more hydrophobic the ion [9]. Among
the monovalent ions, phosphate has the larger thermochem-
ical radius, (i.e., lower charge density and hydration energy)
while nitrate has the lowest thermochemical radius. It can
be therefore, concluded that the preference of the Selemion®
AMYV membrane toward hydrophobic anions is low.

It is more difficult to compare the selectivity preference
between monovalent and divalent ions across charge and
hydrophobic characteristics [9]. The results in Table 2 indi-
cate that sulfate had the lowest selectivity coefficient due to
its largest thermochemical radius. It is also reported that a
resin with large spacing between functional groups, is more
selective to monovalent ions than to divalent ions as the wide
spacing can be easily accessed by monovalent ions and favor-
ably interact with charged sites [14].

Table 3 lists the Kc values extracted from the literature
for the studied target—ions with chloride as a counter ion.
The experimental values of this study are seen to be within
the range of values reported in the literature. The deviating
high Kc values for phosphate and sulfate reported by Beck and
Ernst [15] are based on Donnan separation results measured
in the experimental system of this study. While their Kc values
were derived by fitting the Donnan separation results to a the-
oretical model the Kc data of this study are direct experimen-
tal observations. The low Kc values of nitrate and bicarbonate,
reported by Wisniewski and Rézanska [18], for both Selemion®
AMYV and Neosepta AMX membranes might suggest that they
were measured at high ionic strength solutions, as these values

Table 2
Experimental Kc (Kc_, ) hydrated radii and diffusion coefficient of the tested ions
Anion Kc,,, Hydrated radii (nm) [16] = Thermochemical radii (nm) [17] Diffusion coefficients (107° m?/s) [16]
NO, 5.51+0.79 0.335 0.200 19.2
HCO, 0.37 +£0.04 0.210 0.207 11.9
H,PO,~ 0.14 +0.05 0.490 0.213 9.6
SO~ 0.08 +0.03 0.379 0.218 10.7
Table 3
Literature values of Kc for various ion exchange membranes (temperature and ionic concentrations in brackets)
Membrane KE Reference
a
NO, HCO, H,PO, SO,*
Selemion® AMV 5.51 0.37 0.14 0.08 This research
(25°C; 0.02 M)
5.5+0.20 3.7+0.15 53+0.15 [15] (na)
4.3 [13] (25°C, 0.1 M)
0.095 0.047 0.186 [18] (na)
Neosepta AMX 4.1 [13] (25°C, 0.1 M)
0.109 0.018 0.011 [18] (na)
2.86 (0.1 M) 3.49 (0.1 M) [19] (25°C)
1.71 (0.2 M) 2.03 (0.2 M)
0.29 (0.3 M) 0.06 (0.3 M)
0.15 (0.5 M) 0.02 (0.5 M)
0.48 (10°C) 0.03 (10°C) [20] (0.3 M)
0.71 (25°C) 0.11 (25°C)
1.10 (40°C) 0.29 (40°C)
Neosepta AFN 5.25 0.31 1.97 [18] (na)
Neosepta ACS 4.1 [21] (na)
1.85 [19] (25°C; 0.1 M)
Dowex 1x8 resin 5.77 0.07 [22] (25°C; 0.3 M)




H. Shemer et al. / Desalination and Water Treatment 146 (2019) 1-7 5

correspond to the values measured by Louati et al. [19] at a
solution of 0.5 M. Nonetheless, the conditions as which the Kc
values were determined were not specified by the authors.

The literature data presented in Table 3 indicate that Kc
values depend on ionic strength of the aqueous solution, the
temperature, and membrane type. Louati et al. [19] showed
that as the ionic strength increases the selectivity of Neosepta
AMX membrane toward the counter—ions (chloride) raised.
These results were explained by a decrease of the electro-
static potential of the membrane surface with the increase of
the solution ionic strength. As temperature rises the Kc value
increases due to the endothermic nature of the ion exchange
reactions (Eq. (1)). The Van't Hoff equation also shows that
the selectivity coefficient increases with temperature [20]. A
strong dependence between membrane selectivity and the
pore-wall charge density (a characteristics of membrane
structure) was reported by Malewitz et al. [13].

4.2. Kinetic coefficients

The simple Donnan dialysis model derived in our previ-
ous publications [4,5] was based on the simplifying assump-
tion Kc = 1. The availability of experimental Kc coefficients
enables more precise evaluation of Donnan separations
according to the equations, presented herein, which take into
account the membrane selectivity. The experimental data, of
transfer of the target ion from feed to receiver as a function of
time, were analyzed according to the batch integrated Eq. (11)

25

® Exp
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for the monovalent ions to provide values of the kinetic coef-
ficient P_for both the simplified case of Kc =1 and the more
accurate case based on the experimental value of Kc (Kc_, ).
Similarly, the divalent data were analyzed according to the
batch integrated Eq. (12) to provide values of the permeability
coefficient P for both Kc=1 and Kc_,_value. For each of the Kc
values the kinetic or permeability coefficient was evaluated
by the minimal deviation between calculated and experimen-
tal concentration using the least squares method. Fig. 2 illus-
trates typical deviations experimental between experimental
measurements and calculated separation curves based on
Kc=1 and on the measured value of Kc.

Fig. 3 and Tables 4 and 5 summarize the values of the
kinetic coefficients and of the permeability coefficient as a
function of feed concentration. The kinetic coefficients are
seen to increase with the concentration of the target—ions.
This phenomenon was also observed in other membranes
types and related to the increase in membrane ion diffusivity
with solution concentration [4].

The difference in the kinetic coefficient Ps calculated at
Kc =1 and at the experimental Kc is around 20% for nitrate
and bicarbonate, approximately 40% for phosphate, and
about 10% for sulfate. These differences cause deviations in
the evaluation of the time required to achieve certain degree
of the target—ion transfer (Fig. 2). For example, the estimated
times to achieve 80% removal of nitrate, from initial concen-
tration 23 mmol/L, are 8 h for Kc =1 and 9 h for Kc =5.5. In
this case, the agreement between experimental and predicted

25
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Fig. 2. Predicted concentration change with time for Kc = 1 and measured Kc (initial target-ions concentration of 20 mmol/L and

receiver NaCl concentration of 1,000 mmol/L).
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Fig. 3. Kinetic coefficients as a function of the initial target-ions
concentrations.

Table 4
Overall kinetic coefficients (Ps) of the monovalent target—ions at
Kc =1 and experimental Kc

Anion Concentration Ps Value of
(mmol/L) (mol/m? h) Ke,,
Ke=1 Kc,,
NO, 23.4 0.50 0.38 55
43.8 0.85 0.65
82.5 1.45 1.25
HCO, 20.6 0.27 0.34 0.37
40.0 0.42 0.53
76.8 0.59 0.73
H,PO, 21.8 0.17 0.32 0.14
43.9 0.20 0.32
91.1 0.80 1.25
Table 5
Permeability coefficients (Pm) of sulfate at Kc = 1 and
experimental Kc
Anion Concentration Pm
(mmol/L) (10 m/h)
Ke=1 Kc,.=0.08
50,* 25.5 1.50 1.70
38.52 2.78+0.22 2.98 +0.27

*Average value of four experiments.

values seems better for Kc = 1. The difference of the Pm val-
ues for Kc =1 and the experimental Kc of sulfate is 11.8% for
initial concentrations of 25 mmol/L. The predicted times for
80% sulfate removal are close at 6.0 and 7.3 h for Kc =1 and
Kc = 0.08 respectively. A better fit between experimental and
predicted values were obtained for the measured Kc of 0.08.

It is expected that the extent of the time differences would
increase in the case of 90% removal of bicarbonate and phos-
phate. In the experiments, only about 40% transfer of both
ions was achieved. Theoretically, at Kc = 1 a predicted dura-
tion of 32.1 h is obtained to achieve 90% removal of 22 mM
phosphate, as compared with 81.7 h at K¢ = 0.14. For bicar-
bonate at the initial concentration of 21 mM, the durations
are 31.1 h for Kc=1 and 19.5 h for Kc =0.37.

5. Conclusions

The main contribution of this research is to enable
improved evaluation of Donnan separations by taking into
account the membrane selectivity coefficients. A selectivity
coefficient Kc > 1 was measured for nitrate while Kc <1 was
measured for bicarbonate, phosphate, and sulfate. Transport of
these target-ions through the anion exchange membrane was
modeled to include the selectivity coefficients, under diffusion—
controlled conditions, at which the selectivity coefficient affects
the transport. The modified transport model showed a more
accurate model based on experimental selectivity coefficients.
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