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Abstract: A simple non-steady state mathematical model is proposed for the process of purification
of an amino acid solution from mineral salts by the method of neutralization dialysis (ND), carried
out in a circulating hydrodynamic mode. The model takes into account the characteristics of
membranes (thickness, exchange capacity and electric conductivity) and solution (concentration
and components nature) as well as the solution flow rate in dialyzer compartments. In contrast to
the known models, the new model considers a local change in the ion concentration in membranes
and the adjacent diffusion layers. In addition, the model takes into consideration the ability of the
amino acid to enter the protonation/deprotonation reactions. A comparison of the results of
simulations with experimental data allows us to conclude that the model adequately describes the
ND of a strong electrolyte (NaCl) and amino acid (phenylalanine) mixture solutions in the case
where the diffusion ability of amino acids in membranes is much less, than mineral salts. An
example shows the application of the model to predict the fluxes of salt ions through ion exchange
membranes as well as pH of the desalination solution at a higher than in experiments flow rate of
solutions in ND dialyzer compartments.

Keywords: neutralization dialysis; simulation; experiment; amino acid; mineral salt

1. Introduction

Diffusion (Donnan) dialysis, DD, with the use of ion-exchange membranes is an energy-saving
and technically simple process. The elementary unit of the membrane stack for DD consists of two
compartments separated by a cation exchange membrane (CEM) or anion exchange membrane
(AEM). DD is widely used for purification of the metallurgical industry wastes from heavy metals
[1,2]; reduction of acidity of these wastes or reuse of inorganic acid solutions [3-5]; recovery of
halides or phosphates from these wastes [6,7]; purification of high molecular weight compounds
from organic and inorganic electrolytes [8] and separation of amino acids and mineral impurities [9],
as well as in various medical applications [10-12] and for the precise determination of some
substances concentrations in solutions of complex composition [13-15].

A number of works are devoted to DD modeling, for example [16-20]. In some of them attempts
are made to describe the diffusion and convective transport of molecular and ionic forms of
substances through ion exchange membranes (IEM) and adjacent diffusion layers [21], to take into
account the facilitated transport of amino acids through CEM being in H* form [22], or, using the
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enhancement factor for some model parameters, to take into account chemical reaction between
components that diffuse through the IEM in opposite directions [23].

Neutralization dialysis (ND) was proposed first by Igawa [24] and has demonstrated a higher
efficiency than DD for desalination of multicomponent solutions [25,26], separation of electrolytes
(substances that are present in solution in the form of ions and can be transported through IEM) [24],
the extraction of weak inorganic electrolytes [27] or carboxylic acids [28], as well as the selective
fractionation of various amino acids [29,30] (the substances that participates in protolysis reactions)
or mixtures of mineral salt and amino acid. In recent years, new modifications of ND have appeared,
for example, capacitive neutralization dialysis, which is used to generate electricity by utilizing
acidic and alkaline wastewater using ND techniques in combination with capacitive deionization
[31,32].

An elementary cell of the membrane stack for ND consists of three compartments, separated by
CEM and AEM. A solution is pumped through the desalination (central) compartment, which
contains, for example, a mixture of amino acid with mineral impurities. An inorganic acid is
pumped through a compartment adjacent to CEM (acid compartment). An alkali is pumped through
a compartment adjacent to AEM (base compartment). Protons are transported from the acid
compartment through the CEM to exchange with cations from the desalination compartment.
Hydroxyl ions are transported from the base compartment through the AEM to exchange with
anions from the desalination compartment. The protons and hydroxyl ions in the desalination
compartment react with each other to form water. It has been established that the efficiency of ND
demineralization increases with a decrease in the intermembrane distance in the desalination
compartment as well as with a decrease in the solution flow rate in the case of the direct-flow
hydraulic mode [25]. If a batch hydraulic mode is used, on the contrary, it is necessary to increase the
solution flow rate in order to reduce the diffusion boundary layer (DBL) thickness near the
membrane surface [33,34]. The degree of extraction (or retention) of substances that enter the
protolysis reactions depends on the values of the constants of these reactions and on the
concentrations of acid and alkali [27,35] in the corresponding compartments of the ND stack. The
amino acid charge can be controlled by adjusting the value of pH in the desalination compartment. If
the amino acid is in zwitterionic form, it is not transported through IEMs. Flux through the
membrane reaches a maximum if the entire amino acid, for example, glycine [30], is in ionic form.
Using a three-compartment ND cell and the principle of controlling the pH values in the
desalination compartment, Tsukahara et al. [35] achieved a separation factor of various amino acids
equal to 4000.

The modeling of ND is fraught with a number of mathematical difficulties associated with the
need to take into account the mutually dependent fluxes of substances through both the CEM and
the AEM of the three-compartment elementary unit of membrane stack. Among the models of the
ND process, one may emphasis the following ones. Sato et al. [36] proposed a model of continuous
ND that describes the process of strong electrolytes desalination and takes into account the
diffusion, migration and convective component of ion fluxes. The equations are obtained under the
assumption that a quasi-steady state is achieved in the system under study. The numerical solution
of these equations made it possible to evaluate quantitatively the influence of the Reynolds numbers
and the feeding solution pH upon the average dialysis rates of each of the ions participating in ND
process. A similar quasi-steady state model describing the ND kinetics was developed by Denisov et
al. [37]. The transport of ions through ideally selective IEMs and DBLs are taken into account in the
model. From the calculations using this model, it follows that at high concentrations of acid, mineral
salt and alkali in all three compartments of a dialyzer, the pH values in the desalination
compartment are determined by the characteristics of the membranes. In contrast, in dilute
solutions, mass transfer processes in the diffusion layers control the ion exchange between the
compartments. The model predicted the oscillatory nature of the change in pH into the desalination
compartment. A periodic increase and decrease in pH into the desalination compartment was
experimentally confirmed in [33,34,38]. Models [36,37] were improved in [39], where a batch mode
of the ND is considered. This model includes such parameters as IEM exchange capacity, electric
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conductivity and diffusion layer thicknesses found from the independent experiments. Calculations
using this non-steady state model showed that fluctuations in pH and electric conductivity at the
initial stages of ND could not be described within the framework of the quasi-steady state model
[37]. At the same time, both models give the same results in 20-30 min from the beginning of ND
after stationary concentration profiles are formed into the membranes. It should be noted that all
these models were developed for the case of a strong electrolyte solution in the desalination
compartment.

In this paper, we show that the theoretical approaches developed for ND of strong electrolyte
are suitable for predicting the characteristics of the amino acid and mineral salt ND separation
process, if the diffusion coefficients of amino acid species are much lower than that of mineral salt. A
mixed solution of sodium chloride (NaCl) and phenylalanine (Phe) will be taken as an example. Our
relatively simple non-steady state model takes into account the main practically important
characteristics of membranes (thickness, exchange capacity and electric conductivity) and solutions
(concentrations, diffusion coefficients of components and equilibrium constants of protolysis
reactions) as well as the solution flow rate in dialyzer compartments.

In contrast to the known models [35,36], the new model takes into account the local changes in
the concentration of ions in membranes and DBLs. In addition, a novelty compared to the model [38]
is in accounting the ability of an amino acid in a desalination compartment of the ND system to
change the electric charge due to protolysis reactions. We show that the model adequately describes
the experimental data obtained for NaCl solution or mixture NaCl + Phe in a desalination
compartment. We will also demonstrate the ability of the new model to predict ND process
characteristics if experimental data are not available.

2. Theoretical

2.1. System under Study

The system under study was formed by three compartments: acid (A), alkali (B) and
desalination (D), which was separated by CEM and AEM (Figure 1).
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Figure 1. Scheme of the laboratory cell (a) and the modeled system geometry (b). In (a): the acid,
saline and alkaline solutions circuits are denoted as 1, 2 and 3, respectively; 4 is the peristaltic pumps.
In (b) DBL1 and DBL2 are the diffusion boundary layers adjacent to the cation exchange membrane
(CEM) from the sides of A and D compartments, respectively; DBL3 and DBL4 are the diffusion
boundary layers adjacent to the anion exchange membrane (AEM) from the sides of D and B
compartments, respectively; the numbers 1, 2, 3 and 4 indicate the interfaces of the CEM and AEM
with the corresponding compartments.

Each of the circuits that formed by corresponding compartments together with pipes and
intermediate tanks have volumes of V4, VB and VP for the acid, alkali (base) and desalination one,
respectively (Figure 1). The acid (HCl), alkali (NaOH) and salt (NaCl) or mixed (NaCl + Phe)
solutions circulate through the compartments A, B and D, respectively, and through the
intermediate tanks. It is assumed that the thickness (¢ ) of DBLs adjacent to the surfaces of CEM is
equal to those adjacent to the surfaces of AEM. The thicknesses of CEM and AEM are denoted as d°
and d¢, respectively. This assumption is reasonable because the hydrodynamic conditions are the
same in all the compartments. Besides, by setting the DBL thickness, we implicitly took into account
the effect of convection, which depends on the solution velocity, and the ability of the spacer to
turbulize the flow. We assumed that the concentrations of all ions practically do not change along
compartment D. In other words, the ion concentrations are the same at any moment of time both in
the compartment volumes and in the corresponding intermediate tanks.

Two cases of ND were considered. In the first case, the desalination of individual NaCl solution
was performed. In this case, the problem formulation was the same as in article [39].

In the second case, the mixed NaCl + Phe solution was desalinated. This amino acid was
characterized by relatively low diffusion fluxes in thin homogeneous membranes [29]. As it was
shown by Vasil’eva et al. [22] the flux of phenylalanine species through the relatively thick MK-40prot
membrane (which was used in the current study) is two orders of magnitude lower than that of the
salt ions. Thus, for the sake of simplicity, we assumed the constant phenylalanine concentration in
the desalination circuit, i.e., there is no transport of Phe species through the membranes and adjacent
diffusion layers. At the membrane/solution interfaces a local thermodynamic equilibrium was
assumed between exchanging ions. In the desalination solution, we assumed local equilibrium of the
protolysis reactions for amino acid and water.

2.2. Problem Formulation

The ion transport in membranes and DBLs is described by the following equations [39]:
The Nernst-Planck (N-P) equation
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J, :_Dj(ﬁa? +szjR—I;Z—f] 1)
the electroneutrality condition
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the zero current flow condition
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the material balance equation
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where J is the flux density across the membrane; D, is the diffusion coefficient of ion j; C; is

the concentration; z; is the charge; X is the membrane exchange capacity; w can take the values

of -1, +1 and 0 for an AEM, a CEM and a solution, respectively; x is the coordinate perpendicular to
the membrane surface; ¢ is the time and R, T and F are the gas constant, temperature and Faraday
constant, respectively. In the D circuit j = H*, OH-, Na*, Cl; in the CEM, j = H*, Na*; in the AEM, j =
OH-, CI-~.

The following equation describes the equilibrium of the reaction of water autoprotolysis:

K, =Cy-Coy = 10_14. ©)

Phenylalanine (2-amino-3-phenylpropanoic acid) is involved in proton transfer reactions with
water:

Phe” + H,0 <> Phe* + H,O" ©6)

Phe* + H,0 <> Phe” + H,O" @)

Hereinafter the zwitterion ( "NH,-CH ( CH,CH, ) -CoO ), cation (
*NH, —CH (CH,C;H,)-COOH ) and anion ( NH,—CH(CH,C;H;)-COO" ) of phenylalanine are
designated as Phe*, Phe* and Phe-, correspondently.

The chemical equilibrium constants of reactions (6) and (7) at 25 °C are equal to
| Phe* || H,0" ]

K, = =6.31x107° mol L, 8
T P ] ®

and
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K, = Phe || 1,0" ] =4.90x107"" mol L1, )

[Phei]

respectively [40].
Thus, depending on the pH of the solution in the desalination compartment, phenylalanine

changes its form due to proton transfer reactions (Figure 2), affecting the exchange of salt ions
through CEM and AEM.

Figure 2. The molar fractions (& ) of phenylalanine species in aqueous solutions as function of pH
calculated using Equations (5)—(8), (9).

Since the phenylalanine ions transport through the membranes is neglected, the changes in
concentration of Phe*, Phet and Phe- in the desalination circuit are calculated in accordance with
Equations (8) and (9) as follows:

Clol
CPh .= Phe
“TKK, K | (10)

Cy Gy

Phe*

 KK,C
e = oz an
H

(12)

where Cge = CPhei + CPM + CPM is the total concentration of all the phenylalanine species in the
D circuit.
The changes in ion concentration in the A circuit (Figure 1) depend on the fluxes of H* (J}; ) and

Na* (J\)) ions through the interface 1 of the CEM (Figure 1) as [24]:

_iJ(l) — aCIi

13
yATT o 13)
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where S is the active membrane surface area.

Note that if the direction of flux coincides with the positive direction of axis x, this flux is
considered positive.

The changes in ion concentration in the B circuit (Figure 1) are associated with the fluxes of OH-
(J51) and CI- (JS ) ions through the interface 4 of the AEM:

i J(4) _ anH

B o =T, (15)

S oc;
grda == | (16)

The fluxes through boundaries 2 and 3 are associated with the changes in the concentration of
saline solution in the D circuit (Figure 1):

S ach
a0 a7)

S 0
(2) (3)) _ D D
F(‘]H +JOH)_5(CH_C0H) (18)
The Na* ions concentration in the D circuit is calculated using the electroneutrality condition
(2), where the presence of Phe* and Phe- ions is taken into account:

C£ CPhe’ + Cg + CODH — Cg -C (19)

a ™ Phe*

At the membrane/solution interfaces, the ion-exchange equilibrium as well as the continuity of
fluxes of ions are assumed.

The membrane/solution interfaces are characterized by the local equilibrium described by
Nikolskii equations [37]:

K =C,Cy, [CLCy (20)
K* =Cpy, Ccz/ CerCon , 21)

where Cs and C} are the interfacial concentrations of ions j into the CEM and AEM, respectively;
C ; is the interfacial concentration of these ions in the solution; K¢ is the equilibrium coefficient for

H*/Na* exchange (interfaces 1 and 2) and K is the equilibrium coefficient for OH-/CI- exchange
(interfaces 3 and 4).
The condition of the flux continuity at the interfaces 1 and 2 reads as:
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U)o =)

Mt ss M mdtis (22)
The concentration continuity is assumed at the DBL/solution bulk boundaries:
_ 4D
(C/‘ )FO =G (23)

x=d“+26
7
where C f’D is the concentration of ion j in circuits A or D.

The boundary conditions at the AEM side are similar.
The electric potential can be expressed from Equations (1)—(3). In the case of CEM it reads as:

ac,
0p° _RT Ox 24)
& F (Dy-D§,)Cj+ Dy X¢

(D5, -Dy)

and in the case of AEM:
« _ pe\9Con
09" _RT (Do ) ox (25)
& F (D, —Dy)Chy+DhX" ‘
In a similar way, the equation for the potential in the DBL1 can be derived:
oC, oCy,
o9 _ g7 (Pa=Du) 21 +(Pa~Du) 06)
Ox F (Dcz +DH)CH +(Dcz +DNa)CNa
and in the DBL4:
0Cpy oC
op™™" _RT (Dan ~Ds) 22 +(Pas = D) ox @7)
Ox r (DOH +DNa)C0H +(Dc1 +DNa)CC/
The equation for the potential in the DBL2 reads as [39]:
K, oC oc,,
Dy =Dy + 2 (Dcz _DOH) axH +<Dc1 -D, ) axN
) ¢DBL2 ~ RT c, 28)

o F (DOH _Dcz)(lfw"'(DH +DCI)CH +(DNa +DCI)CNa

H

and that in the DBL3:
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DBL3 Bou =D +C{<WZ(DH _DNa) aCOH +(Dc1 -D,, ) 8;60
0p™" _RT o) .
ox F (DH _DNa)é<W+(DOH +DNa)C0H +(DNa +Dc1)cc1

OH

Further, the problem was solved numerically after the substitution of Equations (24)—(29) into
the Nernst-Planck equations (1) taking into account boundary conditions (22) and (23) and
Equations (4) and (10)—(12).

The uniform distribution of concentrations in the DBLs (which are equal to the concentration of
initial feed solution) was assumed as the initial conditions for the problem described above (at the
beginning of the ND process, ¢ = 0).

3. Experiment

The ND elementary cell (Figure 1) contained heterogeneous cation (MK-40prf) and
anion-exchange (MA-40prof) membranes with a profiled surface. Detailed characteristics of the profile
on the surface of studied membranes are presented in [22]. The basic characteristics of these
membranes are presented in Table 1. The JSC Innovative Enterprise “Membrane Technology”
(Russia) manufactured profiled membranes from flat sheets, which are produced by
“Shchekinoazot” (Russia).

The MK-40prot and MA-40pr0f membranes were chosen under the assumption that the relatively
large thickness of these membranes and their aromatic polymer matrix will contribute to the
retention of aromatic phenylalanine in the desalination compartment while maintaining high fluxes
of salt ions through CEM and AEM.

Table 1. Some physicochemical characteristics of studied membranes (experimental data).

Membranes MK-40prof MA-40prof
Maximum! thickness in swollen state (cm) 0.065 + 0.0005 [22] 0.059 + 0.0005
Minimum? thickness in swollen state (cm) 0.030 + 0.0005 0.030 + 0.0005
Water content (wt %) 42 +1[22] 44 +2
Ion-exchange capacity (meq cm= wet membrane) 1.7+0.1[22] 24+0.1
Electric conductivity in 0.1 M NaCl (S m™) 0.58 [22] 0.39 [41]

1 The membrane thickness between the smooth surface and the top of the profile on the profiled surface. 2 The
membrane thickness between the smooth surface and the bottom of the profile on the profiled surface.

The active area of membranes was 4.2 x 1.7 cm2. The intermembrane distance was 0.6 cm; it did
not contain spacer in order to have a possibility to calculate the diffusion boundary layer thickness
using the convective-diffusion model [22].

The studied solution circulated through the D compartment; the acid and alkali solutions
circulated through the A and B compartments, correspondingly (Figure 1). The initial concentration
of salt and amino acid in individual (NaCl) solution and the equimolar mixture NaCl + Phe in the
desalination circuit (Figure 1) was 0.025 mol L. Both the HCl and NaOH solutions had the
concentration of 0.3 mol L. The choice of these concentrations was based on the analysis of
phenylalanine and sodium chloride separation efficiency by diffusion dialysis method [22]. The
volume of solution in D circuit was 1 L, and that in A and B circuits was 2 L. The ND process was
carried out in a circulating (batch) hydrodynamic mode. The solution volumetric flow velocity in
each of the compartments was equal to 12 mL min (the corresponding linear flow velocity was 0.2
cm s7'). The calculated DBL thickness in this case was about 400 um (Table Al, Appendix A). A
higher value of the DBL thickness (than in real electrodialysis) was chosen in order to partially level
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the internal diffusion kinetics of the ND process, which could be due to the relatively large thickness
of the membranes under study. The solutions were temperature-stabilized at 25 °C.

Before the experiment, the membranes underwent salt pretreatment in accordance with the
procedure described in [42], and then they are converted to the form of H* (CEM) and OH- (AEM)
ions. All solutions were prepared using distilled water and reagents of analytic grade. The pH of the
feed solutions in the experiments was equal to 5.90 + 0.05. This value was close to the isoelectric
point pl = (pKi1 + pKz2)/2 = 5.76 [43]. As the estimates (made with the use of Equations (8) and (9) at the
presented above values of Ki and Kz) [22] show, the zwitterion mole fraction in the model solutions
varied in the range from 99.9% to 99.8% where the pH changed between 5.85 and 5.95, respectively.
Thus, the phenylalanine almost completely was presented in the form of zwitterion in the initial
solution.

Absorption spectroscopy at a wavelength of 257 nm was applied to determine the concentration
of phenylalanine in the solution. The concentration of Na* ions was determined using the emission
flame photometry.

4. Parameters of the Model

A list that sums up all the model parameters is presented in Appendix A, Table Al.

Three groups of the input model parameters characterizing the membrane were:
thermodynamic, structural and kinetic. The parameters characterizing solutions were the pH and
the concentration of electrolytes. In addition, the model contained the parameters characterizing the
ND setup.

The thermodynamic parameters were the Nikolskii (K ; Equations (20) and (21)) equilibrium

constants; the equilibrium constants for reactions (6) and (7) (X, ).

The membrane was described by the ion-exchange capacity (X') and thickness (d).
Kinetic parameters were the ion diffusion coefficients in the membrane and the solution (D, ).

The ND setup was characterized by the volume of solutions in the A, B and D circuits vt, v®
and 7”)and by membrane active surface area ().

The output parameters of the model included the Na*, Cl-, H* and OH- ions concentrations and
fluxes as functions of time and the coordinate (normal to the membrane surface) in the membranes
and solutions, as well as concentrations of Phet, Phe* and Phe- in the D circuit as functions of time.

The input parameters that were not taken from the literature were determined as follows.

1) The values of the Nikolskii constants were taken equal to 1. For the sake of simplicity, we
assumed that there were no preferential counterions in their sorption by membranes.

2) The counterions diffusion coefficients in CEM and AEM were determined by using the
relationship D! =x*RT/X*F* [34]. In this equation, the membrane conductivity, x*, and the

exchange capacity, X*, were known (Table 1). Here k = c for the CEM and k = a for the AEM.

3) The membrane exchange capacity was determined by the method of reverse acid-base
titration [41].

4) The thickness of studied membranes (in the swollen state) was measured using an electronic
micrometer.

The diffusion boundary layer thickness (&) was the fitting parameter. It was assumed that ¢
was the same from the side of A, B and D compartments.

5. Results and Discussion

The kinetic dependencies of the calculated and experimental salt ions fluxes from the D
compartment to the acid, A, and base, B, compartments are presented in Figure 3. The kinetic
dependencies of pH of the saline solution, as well as the concentrations of phenylalanine species (the
case of mixed NaCl + Phe solution) are presented in Figure 4.

As Figures 3 and 4 show, the results of simulations by the proposed model and experimental
data were in a good agreement. As expected, the flux of Na* ions through CEM exceeded the flux of
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Cl-ions through AEM (Figure 3a) at the beginning of the ND process. Then they changed places. At
the last stage of the ND process, the transfer of cations through CEM again dominated the transfer of
anions through AEM. The changes in fluxes were accompanied by significant fluctuations in the pH
of solution in the D compartment (Figure 4a). It means that a higher exchange rate across the CEM
than that across the AEM at the beginning of the ND process (Figure 3a) led to a decrease in the pH
of the desalinated solution (Figure 4a). In the next 50 minutes of the ND process, there was an
increase in the concentration of H* ions and a decrease in the concentration of Na* ions in the D
circuit. The concentrations gradients of cations in the CEM decreased, causing a decrease in cation
flux (J<) through this membrane. Next, this scenario was repeated.

2.6 4.5
24 4.0
2.2
= =35
2] 2]
% 20 T
S ¢ 3.0
°18 ©
£ IS
3 £25
by -
14 520
12 1.5
1.0 1.0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (min) Time (min)
(a) (b)

Figure 3. Time dependencies of Na* ions flux (J¢) across the CEM and CI- ions flux (J%) across the AEM
from the D compartment into A and B compartments, respectively, in the course of neutralization
dialysis (ND) of individual NaCl solution (a) and mixed equimolar NaCl + Phe solution (b). Markers
indicate the experimental data. Lines indicate the results of simulations carried out for 6 = 400 pm
(solid lines) and for 6 = 50 um (dashed lines). Other parameters for calculations correspond to

conditions of the experiment (Table Al, Appendix A).



Membranes 2019, 9, 171 12 of 17

14 -
0 100 200 300
12 1 L e T B
NacCl
00
10 +

NaCl+Phe

PRI BT T S A S S S A I R A M A N A A A |
y

Time (min)

0 50 100 150 200 250 300 350
Time (min)

(@) (b)

Figure 4. The pH of individual NaCl and mixed NaCl + Phe solutions (a), and concentrations of
phenylalanine species (mixed solution) in the D circuit vs. time of ND process (b). Markers indicate
the experimental data. Lines indicate the results of simulations carried out for 6 =400 pum (solid lines)
and for 6 = 50 um (dashed lines). Other parameters for calculations correspond to conditions of the
experiment (Table A1, Appendix A).

A comparison of the experimental data and the results of simulation, as well as analysis of the
literature data [39] allowed us to propose the following explanation for pH fluctuations in the case of
a strong electrolyte (NaCl) solution desalination.

The exchange of anions across the AEM occurred simultaneously with the exchange of cations
across the CEM. However, the exchange rate across the AEM was lower due to the lower diffusion
coefficient of OH- ions in the AEM than H* in the CEM. It is known that sulfo groups, which are
fixed groups in the studied CEM, provide a high proton transfer rate [41]. This rate is noticeably
higher than that for the hydroxyl ion with the participation of weakly basic fixed groups [41] in
studied AEM. This is evidenced, for example, by the specific electric conductivity of MK-40 and
MA-40 membranes in 0.1 M HCl and NaOH solutions, respectively. The values of this conductivity
are 36 mS cm™ [44] and 6.4 mS cm™ [45], respectively. For this reason, there was a less dramatic
decrease in the exchange rate (flux) across the AEM (compared to that across the CEM; Figure 3a). In
addition, the achieved low pH value of the desalinated solution stimulated the increase in J*. Due to
the delay in the formation of concentration profiles in the AEM and adjacent diffusion layers, the
moment where the exchange rate across the AEM decreases shifted in time.

In the case of a mixed NaCl + Phe solution, the behavior of the fluxes of cations and anions in
the membrane system (Figure 3b), as well as the change in pH in the desalination compartment
(Figure 4a) at the beginning of ND, was similar to that observed in the case of an individual solution.
However, the course of ND process was accompanied by a monotonous decrease in J¢, J* (Figure 3b)
and a slow increase in the value of the solution pH in the desalination compartment (Figure 4a). The
increase in pH led to a slight decrease in the concentration of phenylalanine cations and an increase
in concentration of its anions (Figure 4b). The concentrations of these ions turned out to be two to
five orders of magnitude lower than the concentration of the zwitterionic form (Figure 4b).
Therefore, the loss of amino acid in the process of ND did not exceed 1% if we assumed that all of
charged Phe forms would be transported through the IEM. Similar values of amino acid loss were
measured by us experimentally. This justified the assumption made in the simulation of ND that the
concentration of Phe in the D circuit remained unchanged.
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Apparently, the phenomena that occur in the case of NaCl solution and mixed NaCl + Phe
solutions in ND membrane stack were similar. However, buffer capacity of the amino acid solution
due to the protonation/deprotonation reactions (Equations (6) and (7)) prevented fluctuations in the
pH values in the desalination compartment, and this led to a smoothing of the kinetic dependences
of the cations and anions fluxes through corresponding membranes.

The developed model allowed simulating salt ions fluxes in the course of ND process in more
favorable (for example, hydrodynamic) conditions than those applied in our laboratory experiments.
As a rule, the diffusion layer thickness can be reduced with 1) the decrease in the distance between
neighboring membranes, 2) the increase in solution flow velocity [34,36] and 3) the use of spacers
with high capability of flow turbulization [26,33,46]. Let us consider one more DBL thickness (except
that estimated for the experimental conditions), which was close to 50 um. This thickness is
considered preferred for industrial dialysis processes [29]. The results of these simulations for a
mixed NaCl + Phe solution are presented in Figures 3b and 4. Dashed or dotted lines indicate the
calculated curves. As expected, a decrease in the DBL thickness led to a noticeable increase in J* and
J* (Figure 3b). These data were in good agreement with published data, for example [34]. As
simulations show, the decrease in DBL thickness by eight times led to an increase in cations flux
approximately by 1.7 times in the beginning of the ND process (Figure 3b). In a quasi-steady state
(after about 100 min) the desalination rate was about two times higher than that for the DBL
thickness equal to 400 microns.

Note, that in the case of 6 = 50 um pH of the desalinated solution decreased more intensively in
the beginning of the ND process, increased more slowly and reached the final value 5.7 vs. pH =7.3
in the case where DBL thickness was equal to 400 microns (Figure 4a). In this case, the expected loss
of amino acid in the D circuit due to transport of charged Phe species through the membranes were
equal about to 2 % vs. 1% determined at the value of 0 = 400 um. An increase in amino acid loss in
the case where 6 = 50 um was apparently associated with a greater proton flux through the CEM +
DBL2, which caused a stronger decrease in the saline solution pH and the formation of greater mole
fraction of Phe* cations (Figure 4b).

Figure 5 shows the calculation results of the time required to reduce the concentration of Na*
and Cl- ions in the desalination circuit by two times, as well as the ion transfer coefficients for CEM
and AEM (ki = [i/Ci). The simulations were carried out for DBL thicknesses from 50 to 400 pum. It
could be seen that a decrease in DBL thickness by eight times led to a reduction in desalination time
by almost 30 times in the case of Na* ions and only 1.5 times in the case of Cl-ions. The difference
between the mass transfer coefficients of Na* ions through CEM and Cl- ions through AEM and,
accordingly, the concentrations of these ions in the desalination circuit decreased with increasing
DBL thickness. This is explained by the fact that in the case of a thick DBL, the characteristics of the
ND process are mainly determined by the external diffusion kinetics. On the contrary, if the DBL
thickness is small, the main role is played by the characteristics of the membranes. In this particular
case, the transport characteristics of the AEM are much worse than the characteristics of the CEM. By
varying the parameters of the membranes in the calculations, it is possible to find the optimal
combination of their characteristics, which will ensure the same rates of extraction of salt cations and
anions from the desalination circuit of the dialyzer. We planned to do such calculations and their
experimental verification in the future.
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Figure 5. The time required to reduce the concentration of Na* and CI- ions in the desalination circuit
by 50%, as well as the ion transfer coefficients for CEM and AEM vs. DBL thickness. Calculations are
made for ND desalination of a mixed NaCl + Phe solutions. Parameters for calculations are presented
in Table Al, Appendix A.

6. Conclusions

A relatively simple non-steady state model that describes the desalination of salt and mixed
(salt + amino acid) solutions during neutralization dialysis (ND) was proposed. The model took into
account the characteristics of membranes that were important for practice (thickness, exchange
capacity and electric conductivity); the concentration of electrolytes and the ability of an amino acid
to change electric charge depending on the pH of the medium due to protolysis reaction. In addition,
it took into account implicitly the solution flow rate in the dialyzer compartments by the diffusion
boundary layer thickness.

The validity of the model was confirmed experimentally using a laboratory dialysis cell formed
by profiled heterogeneous cation and anion exchange membranes. Non steady-state ND process
carried out using individual salt solution (NaCl) or equimolar mixture of NaCl and phenylalanine
solutions (mixed solution).

The model adequately described the time dependences of the salt anions fluxes through anion
exchange membrane (AEM) and cations fluxes through cation exchange membrane (CEM) that
separates desalination, acid and base (alkali) compartments of the dialyzer.

The analysis of theoretical and experimental results shows that in the case of demineralization
of strong electrolyte (NaCl) solution, the pH fluctuations in the desalination compartment were
caused by the following mechanism. The dominance of the exchange rate of cations through CEM
caused a significant decrease in pH in the desalination circuit. This decrease in pH entailed an
increase in exchange rate of anions through AEM, however, this process proceeded with a certain
delay with respect to the pH shift. The dominance of the exchange rate of anions through AEM
caused the pH of the solution in the desalination circuit to change in the opposite direction, etc.

The participation of phenylalanine in protonation/deprotonation reactions with protons and
hydroxyl ions, which entered the desalination compartment from the acid and alkaline
compartments, respectively, imparted a buffering property to the mixed solution of sodium chloride
and amino acid. This allowed for avoiding fluctuations in the pH of the solution in the desalination
circuit as well as the fluctuations of the salt ion fluxes through the AEM and CEM.

The model was suitable for predicting the behavior of the studied membrane system if the
diffusion coefficients of amino acid and salt ions in ion-exchange membranes differed by two or
more orders of magnitude. In addition to phenylalanine, it can be tryptophan, tyrosine, histidine or
other high molecular weight substances that are involved in protolysis reactions.
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Appendix A
Table A1l. Parameters of the model.
Parameter Value Description
Dy, 2.7x10° cm? st
‘ H* and Na*ions diffusion coefficients in the MK-40prot
Dy, 7.88 x 107 cm? s
D¢y, 9.6 x107 cm? 57!
OH- and CI- ions diffusion coefficients in the MA-40prof
Dy, 3.03x 107 cm? s
d®and d° 590 and 650 um Thickness of the MA-40prot and MK-40prof, respectively
D), 9.3 x 105 cm? 571
DgH 5.3 x10% cm? s H*, OH-, Na* and Cl-ions diffusion coefficients in solution at
Df, 1.33 x 10-5 cm? 5! infinite dilution
DY, 2.03 x 105 cm? 57!
Cq 0.3 mmol em™ H* and OH- ions initial concentrations in the A and B circuits,
ch, 0.3 mmol cm respectively
cy 0.025 mmol cm™
c; 0.025 mmol cm
b Nat, CI-, H* and OH- ions initial concentrations in the D circuit
(@) 10-5 mmol cm3
ch, 10-8! mmol cm3
Ch. 0.025 mmol cm™ Initial concentration of phenylalanine in the D circuit
X¢ 1.7 mmol cm™ )
Ion-exchange capacity of the MK-40prof and MA-40prot
X“ 2.4 mmol cm™
ca 10 Nikolskii equilibrium constant (upper indexes “c” and “a”
K ' denote the MK-40prof and MA-40prof membranes, respectively)
' K, =631 %107 mol L .Equilibrium co‘nstants f(.)r the ph(.%nyla'lanine .
K, (i=12) protonation/deprotonation chemical reactions in Equations (6)
i - -10 -1
K, =490 x 10" mol L and (7) denoted by (K, ) and ( K, ), respectively
V4 2000 cm3
| 2000 cm? Solution volumes in A, B and D circuits
P 1000 cm?
S 7.14 cm? Working surface area of membrane
F 96.485 C mmol™! Faraday constant
R 8.314 x 103 ] mmol™ K Gas constant
T 298 K Absolute temperature
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