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Abstract

:

This article’s main focus is to highlight significant aspects of amino acid solution demineralization. The main part of the amino acid production method requires the provision of downstream treatment solutions for the process of desalination. Electrodialysis (ED) and electrodeionization (EDI) are prospective technologies for such treatment. The article presents a brief review of the first studies and current research on electromembrane desalination of amino acid solutions as well as the analysis of some electrochemical features for the mineral salt–amino acid system (model solution) in an ED process based on the experimental results. The influence of various factors on the desalination of neutral amino acid-containing solutions and on target product losses in this process is estimated. The behavior of aliphatic (alanine) and aromatic (phenylalanine) amino acids in the electromembrane system is considered in mixed solutions with inorganic electrolytes. The influence of various mineral cations (Na+, K+ and NH4+) and anions (NO3−, SO42−, Cl−) on the features of the transport and current–voltage characteristics of ion-exchange membranes in the electrodialysis of phenylalanine- and alanine-containing solutions is considered. A comparative analysis of the desalination parameters of AA solutions in electrodialysis with the following pairs of heterogeneous MA-41/MK-40, MA-40/MK-40 and homogeneous AMT/CMT membranes is carried out. The minimum amount of amino acid loss along with rather high values of the degree of desalination are revealed in electrodialysis with polypropylene spacers in comparison with EDI, ED with a copolymer of styrene and divinylbenzene as spacer, as well as ED with a smooth deionization channel. At the same time, EDI is the most promising method to reach the highest desalination degree in the considered range of mineral salt content.
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1. Introduction


Electrodialysis is an efficient separation method which has been successfully used for brackish water desalination, wastewater purification, whey processing, recovery and the concentration of valuable compounds in biotechnology etc. [1,2,3,4,5,6,7,8,9,10]. Electrodialysis can be an alternative technique for nutrient recovery [11,12,13,14]. A very promising field of ED application is amino acid production in biorefinery [15,16].



Amino acids are referred to as zwitterlytes—the most important group of organic ampholytes for all living organisms [17]. They can exist as bipolar ions (zwitterions), cations and/or anions in aqueous solutions depending on the pH value. Amino acid at a pH value close to the isoelectric point (designated as pI) has no net electric charge. For the most part, it is in the form of zwitterions, which cannot migrate under the influence of an electric field; therefore, the idea to separate strong electrolytes (cations and anions) and amino acids in their zwitter-form using a gradient of potential as a driving force is rather long-standing. The electrodialysis with “charged membranes” was used for amino acid recovery from a mineralized solution at an early stage of the development of this method. Tage Astrup and Agnete Stage were the first to have proposed an electrodialysis procedure for amino acid solution desalting [18]. They considered the desalting of glycine, arginine and glutamic acid solutions in a batch mode, estimating their losses in the process. The loss of glutamic acid was 4–25% depending on the membrane used, but for neutral and basic amino acids, it reached up to 50–90%. The authors explained this as being due to the insufficient quality of membranes. They have applied cellophane and cellophane impregnated with a phenylenediamine resin membrane developed by G.A. Gilbert and A.J. Swallow [19]. The experiments with an “electropositive” impregnated cellophane membrane provided better recovery of amino acids. No data on the pH value of demineralized solutions have been indicated. Di Benedetto A.T. and Lightfoot E.N. [20] studied the dependence of glycine (neutral amino acid) and chloride-ion separation efficiency based on the pH value in ED and they found that at a pH close to the pI, the transfer of glycine through the ion-exchange membrane was minimal and reached 6.1% of the feed concentration. A deviation of the pH value into the acidic or basic range increased the transport of amino acids from the desalination compartment. Therefore, at pH 9 the losses of glycine were 15.7% and at pH 11.3 they were 51%. The other researchers have confirmed that the minimal transfer of amino acid through the anion- and cation-exchange membranes can be observed at the solution’s pH value in the deionization compartments, which is close to the pI [21]. However, the diffusion of amino acids through the membranes was indicated as a problem, decreasing the efficiency of desalination.



J.D. Blainey and H.J. Yardley [22] studied the desalination of various amino acid mixtures (glycine, alanine, phenylalanine, valine, lysine, arginine, glutamic and aspartic acid) in a three-compartment electrodialyzer with an industrial Permaplex A.1 anion-exchange membrane from the anode side and a Permaplex C.10 cation-exchange membrane (Permutit Ltd., London, UK) from the cathode side. These membranes have provided better results for amino acid recovery and desalination degree than earlier work. The authors used sulphuric acid (0.1 M) and sodium hydroxide (0.2 M) solutions in cathode and anode compartments, respectively. The results were obtained at a single initial value of current density in a batch mode. Loss of various amino acids in the study of Blainey and Yardley was explained by their acidic−basic properties and relative mobility. The demineralization process was carried out as a pretreatment stage for the chromatographic analysis.



A.M. Peers [23] also considered the electromembrane desalination of amino acids with different isoelectric points: aspartic acid, alanine, lysine and arginine. Based on the analysis of the obtained data, he has come to the conclusion that zwitterions of amino acids, along with cations and anions, are partially transferred through membranes in electrodialysis. The loss of amino acids was minimal when using a three-compartment apparatus with anion- and cation-exchange membranes located on the sides of the anode and cathode; there was a strong acid in the anode compartment and a strong base in the cathode compartment. Thus, Peers used the scheme of a three-compartment cell similar to [22] but after comparison of different solutions in the electrode compartments, he decided to fill the anode compartment with acid solution and the cathode compartment with base solution. The diffusion of acid through the anion-exchange membrane was restricted but it prevented amino acid anion migration through the anion-exchange membrane because they recharged into zwitterions and cations. Similarly, the diffusion of alkali through the membrane from the cathode compartment led to the recharging of amino acid cations into zwitterions and anions that could not migrate through the cation-exchange membrane. This idea to provide “acidic/basic barriers” helps to decrease ampholyte losses in ED extraction but its implementation requires additional chemical reagent consumption.



Reagent-free enhancement of the efficiency of the demineralization process is possible if the special dependence of amino acid transport in electrodialysis on the current density and the choice of a proper value of current density are taken into account. The main features of amino acid transport in electrodialysis are an increase in flux through the ion-exchange membrane with an increase in the current density in underlimiting mode due to the existence of cations and anions in the solution. The main features of amino acid transport in electrodialysis are an increase in flux through the ion-exchange membrane with an increase in the current density in underlimiting mode due to the existence of cations and anions in the solution even at pH=pI, the occurrence of barrier effect and the effect of facilitated (stimulated) transport in overlimiting mode [24,25,26].



Barrier effect makes it possible to improve the performance of electromembrane desalination for amino acid-containing solutions [25]. Such an effect has been found primarily in ED of mannitol (organic ampholyte) solution [27]. Then it was applied for the deep demineralization of neutral amino acid solutions [28], and the dependence of neutral amino acid flux through the membranes on the current density has been determined [29]. The essence of the barrier effect phenomenon lies in the fact that when reaching the limiting current density, water splitting occurs at the surfaces of membranes in the desalting compartments and the excess of current is transferred by hydrogen ions through the cation-exchange membrane and by hydroxyl ions through the anion-exchange membrane. Therefore, the “barriers” of hydroxyl and hydrogen ions appearing near the surface of cation- and anion-exchange membranes, respectively, in the desalting compartment can restrict the transport of an ampholyte. When cations and zwitterions make contact with hydroxyl ions near the surface of the cation-exchange membrane, they are recharged into anions and restricted in the desalting compartment. Similarly, hydrogen ions near the surface of the anion-exchange membrane in the desalting compartment become a barrier for amino acid transport through the anion-exchange membrane. The total action of two “barriers” at the interphase boundaries of membranes has been called the “circulation effect” [26]. It is necessary to make a point that the circulation effect is a special feature in the transport of zwitterlites, which can exist in the form of cations, zwitterions and anions depending on pH and change the direction of their migration in ED. However, the more common term, “barrier effect”, is suitable for all ampholytes. Barrier effect leads to a decrease in ampholyte migration in the form of cations and/or anions through the cation- and/or anion-exchange membrane, respectively, and mitigates losses of the target product in its electrodialysis demineralization [30]. The barrier effect phenomenon has been directly approved for various amino acid solutions by the method of laser interferometry [31]. It has been shown that after reaching the limiting current density, the surface concentration of amino acids at the boundary membrane solution increases because of the prompt accumulation of zwitterions at the interphase boundary caused by water splitting and the participation of hydrogen and hydroxyl ions in current transfer through the cation- and anion-exchange membranes, respectively.



It bears mentioning that the dependence of amino acid flux through the membrane on the current density presented in [29] is incomplete. The discussed range of current density is rather short. If we were to apply higher values of current density (two times more than the limiting one) in electrodialysis than those reported by the authors, one can observe the following increase in amino acid flux [25,26]. This effect of facilitated transport discussed in [25,26] can lead to a decrease in the efficiency of the desalination process (sharp growth of target product losses) if we consider the amino acid–mineral salt system in electrodialysis, but it can help to separate the amino acid and nonelectrolyte [30,32].



The choice of the current regime is very important and it is crucial to know the electrochemical features of amino acid solution demineralization in a wide range of current density. It is interesting to compare various types of ED and EDI cells when solving this task. The aim of this work is to analyze the electrochemical behavior of the model solution, a neutral amino acid–inorganic salt, in ED and EDI for a wide range of current densities, taking into account the influence of amino acid side radicals (aliphatic, aromatic) and the nature of mineral ions on desalination performance.




2. Materials and Methods


Aliphatic (α-alanine) and aromatic (phenylalanine) amino acids (AA) are considered in this research. The characteristics of them are listed in the Table 1.



Electromembrane demineralization of α-alanine and phenylalanine (Sigma-Aldrich)-containing solutions is studied. The experiments have been carried out in laboratory cells (Figure 1). Both of the cells contain seven separable compartments located between two electrodes. The cathode is made of stainless steel. The anode material is platinum. The electrodialysis cell (Figure 1a) is equipped with silver chloride electrodes to analyze current–voltage characteristics of ion-exchange membranes.



In order to increase the degree of amino acid solution desalination, electrodialysis with spacers and electrodeionization procedures are used. To perform the latter, the considered dilute compartment (4) in the electrodialysis cell is filled with a mixed bed of cation- and anion-exchange resins (Figure 1b). The quantitative characteristics of performance (i.e., the degree of desalination, the target product loss) have been evaluated in conventional electrodialysis with smooth desalination channels and using various types of spacers such as monodispersed polypropylene (PP), copolymers of styrene and divinylbenzene (SDC) as well as a mixed bed of the cation-exchanger Lewatit S 1468 and the anion-exchanger Lewatit S 6328 A, Lanxess Deutschland GmbH (2:3 volume ratio, respectively).



The ED cell has alternating cation-exchange membranes (CEM) and anion-exchange membranes (AEM). Homogeneous ion-exchange membranes, Selemion CMT and Selemion AMT («Asahi Glass Co. Ltd.», Tokyo, Japan), and heterogeneous ion-exchange membranes, MA-40, MA-41 and MK-40 (LLC UCC “Shchekinoazot”, Pervomaisky, Russia), are used in this study.



The AEMs are composed of styrene-divinylbenzene co-polymers with functional quaternary ammonium groups (MA-41, AMT) and polyethylenimine with a mixture of secondary, tertiary as well as quaternary ammonium groups (MA-40). The CEMs are composed of styrene–divinylbenzene co-polymers with functional sulpho-groups. In addition, heterogeneous membranes contain polyethylene as an inert binder in their structure.



The experiments are carried out in galvanostatic mode. The flow rate of the solutions is equal to 0.1 cm·s−1. The test solution (amino acid (0.02 M) + mineral salt (0.01 M)) is fed into the compartment 4; 0.01 M mineral salt solution (NaCl, KCl, NaNO3, NH4Cl, or Na2SO4, ZAO Vekton) is fed into compartments 3 and 5, and mineral salt solution of a higher concentration (0.1 M) is fed into compartments 1, 2, 6 and 7. Therefore, the method of asymmetrical concentration polarization of the membranes [33] is used to control the change in the solution’s pH value in concentrate compartments and determine the value of the limiting current density for ion-exchange membranes in electrodialysis. Moreover, the nature of the cation and anion of the salt used for the feed solutions of compartments 1, 2, 6 and 7 differs from the nature of salt ions in the demineralized solution under study to reveal its specific behavior. The pH value of all the mixtures supplied into the 4th compartment is close to the isoelectric point of phenylalanine (pI = 5.91) or alanine (pI = 6.01) and ranged from 5.5 to 6.4.



The concentration of aromatic amino acids in the samples has been measured by spectrophotometry [34]; alanine, ammonium and nitrate ions have been analyzed by the photometric method. The quantitative determination of an aliphatic amino acid is based on the formation of an amino acid complex with blue-colored Cu2+ ions [35]. Photometric determination of ammonium ions in a sample is based on their ability to form a red−brown complex with Nessler’s reagent (an alkaline aqueous solution of potassium tetraiodomercurate (II) dihydrate K2[HgI4] · 2H2O) [36].



Nitrate ions were analyzed according to [37].



The content of Cl−-ions was detected by precipitation titration with the indicator K2CrO4 [38]. The analysis of sulfate ions was carried out by the turbidimetric method [39]. The quantitative analysis of alkali metal ions was accomplished by flame photometry [36].




3. ED of Solutions Containing Amino Acid and Mineral Salt Electrochemical Features


Electrodialysis is considered a promising method for the demineralization of different multicomponent liquid media comprising AAs [40,41,42,43]. To perform the efficient ED demineralization of complex solutions, it is useful to study the electrochemical features of some model membrane systems containing AAs (zwitterlyte) along with a mineral salt (strong electrolyte). current–voltage curves (CVC) are very important characteristics for the ion-exchange membrane’s behavior. It is interesting to reveal the influence of AAs on the CVC of the membrane in a strong electrolyte solution. Figure 2 shows the difference between the CVCs of heterogeneous ion-exchange membranes for the mineral salt (NaCl) solution and for the solution mineral salt–amino acid [44,45]. Two amino acids with different side radicals (alanine and phenylalanine) are used for model solutions. Figure 2a shows the CVC for the AEM MA-41 in the solution of sodium chloride and in the solution of sodium chloride−amino acid; the CVCs for the CEM MK-40 in the same solutions are depicted in Figure 2b.



From this graph, it is clear that the CVCs for both membranes have a classical shape and consist of three regions [46]. Region I shows Ohmic behavior due to the electromigration of amino acids (if there is) and mineral salt ions at a low current density when their concentration in the boundary diffusion layer decreases with increasing voltage and current density. Then, current varies very slowly with voltage in Region II and a plateau corresponds to the limiting current density (ilim). The concentration of electrolyte and AA ions in the diffusion boundary layer tends to zero. Consequently, a water dissociation reaction occurs at the interphase boundary membrane solution. Region III is the overlimiting current range in which the current increases gradually. It depends on several phenomena: participation of water splitting products in the transfer of electrical charge, limiting current exaltation effect, increase in the co-ion transfer and increase in the current density along the channel due to growth of the thickness of the diffusion layer, thermal convection of the solution near a membrane, electro-osmotic flow of the solvent and electroconvection [47,48,49,50].



The comparison of three CVCs for both membranes shows that the presence of amino acids (≤0.02 M) in the salt (0.01 M) solution does not significantly affect the value of ilim because the solution’s pH value is close to the isoelectric point of the amino acid. This renders most of the amino acid ions in the bipolar form so they do not take part in the current transferring through the membranes. The situation, however, changes after exceeding the limiting current density. Water splitting at the membrane–solution interface changes the pH value in the solution boundary layer as well as in the membrane phase. The bipolar ions in the membrane phase can be recharged into anions that are able to migrate through the membrane. This leads to higher values of current density at the same voltage in the system including AAs in comparison with a single salt solution [51]. The demineralization of aromatic amino acid solutions is accompanied by the increase in hydrophobicity of the membrane surface. It reduces the length of the “plateau” for the membrane CVC more significantly than the presence of aliphatic amino acids in solution.



The dependence of amino acid fluxes on the current density is useful for their loss’s prognosis in ED demineralization. Figure 3a,b shows such dependences for the anion- and cation-exchange heterogeneous membranes, respectively.



The dependence of phenylalanine and alanine fluxes through the AEM and CEM on the current density have the classical shape for zwitterlytes with a maximum at the limiting current density, with a further decrease in the mass transfer due to the barrier effect [24,25] and a sharp increase when the value of the current density is 1.5–3 times more than the limiting one (facilitated transport). The maximum dependence corresponds to the limiting diffusion current density at the ion-exchange membrane CVC. Facilitated electromigration [52] of amino acids is observed in the intensive current mode and deals with the conjugative transport of amino acids with hydrogen and hydroxyl ions appearing in the course of water splitting and migrating through the following membranes in the overlimiting conditions. The facilitated transport becomes predominant because the electroconvection [53] dissipates the “barrier layers” in the desalting compartment, which restricts the transfer of amino acids through the membranes [44].



The comparison of the aliphatic and aromatic amino acid fluxes shows significant differences. The amino acid alanine flux through the membranes MA-41 and MK-40 is superior to that of phenylalanine in the studied range of current density. It is caused by the influence of the size factor of side radicals.



Besides the losses of the target product (amino acid), it is very important to predict the degree of demineralization. We have analyzed the fluxes of chlorides in the solutions: NaCl, NaCl + Ala and NaCl + Phe (Figure 4) in a wide range of current densities. The main difference is found in the overlimiting range. The additive of any AA in the solution of sodium chloride leads to a decrease in the mineral anion flux. It deals with a decrease in the mobility of chloride-ions (conjugated flux of AA) and the competitive transport of amino acids (diffusion and migration) through the membrane.



It is necessary to emphasize that type of mineral salt anion has a definite influence on AA flux through the anion-exchange membrane [54]. The influence of mineral anion type, the ion radius and hydration on the fluxes of AA through the anion-exchange membranes MA-41 in ED of solutions containing alkyl aromatic amino acids such phenylalanine and sodium chloride is studied.



The comparison of amino acid fluxes through the membrane MA-41 has been made from the solutions NaCl–AA and NaBr–AA. The conjugative transport of AAs with bromide ion is more intensive. However, this result is interesting only in the theoretical aspect because bromides are not used in the synthesis procedure. It is more useful to compare AA fluxes from the solutions of nitrates, which are applied in the microbiological synthesis of AA as a source of nitrogen. Figure 5 compares the fluxes of phenylalanine from various mixed solutions.



The main difference in the dependence of amino acid fluxes on the current density in ED of solutions containing amino acids and mineral salts with different anions (chloride, sulfate and nitrate ions) is observed in the overlimiting conditions. The amino acid flux through the membrane MA-41 in the electrodialysis of sodium sulfate + AA solution is superior to fluxes from the other two salt solutions in the intensive current mode. The lowest amino acid flux is determined in the demineralization of the sodium chloride + AA solution. This is explained by the most pronounced competitive transport of amino acids and chloride anions.



The type of mineral salt cation also has a great impact on amino acid fluxes. We compared two solutions in our earlier work [54]. It has been found that due to the different type of hydration for sodium and potassium ions, the flux of sodium ions is higher. In this work we compare three types of cations: sodium, potassium and ammonium. The dependence of AA fluxes through the CEM MK-40 on the current density are shown in Figure 6 for various mixed solutions (a—alanine, b—phenylalanine).



The lowest amino acid flux is obtained in the ED of the solution containing potassium chloride. This can be due to the K+-ion’s negative hydration, resulting in a higher mobility of water molecules in the hydration shell. As it is clear from the figure, the presence of Na+ ions in the system promotes the transport of AA through the CEM more than the presence of K+ ions. The amino acid can be retained in the hydration shell of the positively hydrated Na+ ion and transported through the CEM after exceeding the limiting current density. There are intermediate values of the conjugative transport of amino acids with ammonium through the CEM MK-40 due to low mobility and specific properties of ammonium influencing the flux of AAs in the electrodialysis of solutions containing AAs and ammonium salt.



The choice of membranes for ED desalination should be done taking into consideration their electrochemical characteristics. It is shown in [44,55] that the losses of AAs that transport through the homogeneous AEM are higher. The great difference between the plateau length of the CVC for the heterogeneous and homogeneous membranes has been fixed. This value is the lowest for the homogeneous AEM. The comparison of CVCs for various cation-exchange membranes is shown in Figure 7.



The difference in the shape of the CVC for the homogeneous and heterogeneous membranes in the mineral salt solution as well as in the mixed solution of salt with the tested amino acid was detected at current densities higher than the limiting one. The value of the limiting current density is the same for both the homogeneous CMT and the heterogeneous MK-40 membranes. Membrane MK-40 and CMT have the same structure of matrix with sulpho-groups. In the case of the CMT membrane in the system, the process of water splitting is more intensive than it is with the MK-40 in the ED cell due to the surface properties of the CMT membrane, which is rather homogeneous and smooth. The difference in the structure of the membrane surface leads to the decrease in the length of the CVC “plateau” for the homogeneous membrane compared with the heterogeneous membrane [56].



In amino acids solutions, the important task of demineralization is the choice of the membrane type, which controls the amino acid losses and demineralization degree. The comparison of the amino acid fluxes through the homogeneous and heterogeneous membranes in a wide range of current densities is shown in Figure 8.



The differences in the mass transfer of amino acids in the entire range of current densities through the homogeneous membrane AMT as compared to the heterogeneous MA-41 one are revealed. The influence of water splitting is more intensive for the homogeneous membrane AMT. This is due to the uniformity of the homogeneous membrane’s surface structure. The availability of ion-exchange fixed groups that catalyze water splitting is greater. Therefore, the expected losses of amino acids in ED demineralization are supposed to be more significant with homogeneous membranes.




4. Desalination of Amino Acid Solutions


The parameters that influence the process of phenylalanine and alanine solution desalination by ED and EDI are analyzed. These parameters are physical and chemical properties of the separated components (AAs and inorganic salt ions), current mode of the process, membrane structure, types of spacers in the electromembrane cell and interactions of the separated components with a membrane and an applied spacer.



The possibilities of desalination for the model solutions of the neutral AA (0.02 M), also containing a strong electrolyte (0.01 M) (sodium, ammonium or potassium chloride, sodium nitrate or sulphate), are discussed in this work. The degree of desalination and amino acid losses in its separation from the mineral salt are evaluated using pairs of heterogeneous membranes MA-41/MK-40, MA-40/MK-40 as well as the homogeneous membranes CMT/AMT.



4.1. The Influence of Amino Acid Side Chain Nature on the Demineralization Parameters


In the present work, the amino acid losses and the desalination degree of solutions containing amino acids with a different structure of the side chain and sodium chloride are considered in electrodialysis. The losses of the aliphatic amino acid α-alanine reach greater values (16.4–18.0%) than those of the aromatic amino acid phenylalanine (15.5–15.9%) in all studied systems with various membrane pairs in the intensive current mode. This is explained by the lower mobility of phenylalanine in a solution and in a membrane phase, due to the larger volume of its side radical compared to that of alanine. The desalination degree for solutions containing phenylalanine is greater (96.0–99.6%) than for solutions containing alanine (95.0–97.9%). Therefore, these desalination process parameters correlate with the discussed transport characteristics of the considered membranes.




4.2. The Influence of Mineral Ion Nature on the Demineralization Parameters


The effect of mineral ion nature on amino acid transport through the cation- and anion-exchange membranes and the following losses in the desalination process have been studied.



It has been found that in the presence of mineral salt cations with positive hydration energy, the loss of amino acids reaches the highest values at current densities above the limiting one. The negative hydration of potassium ions leads to lower amino acid losses with this ion at high current densities.



The losses of amino acids (L) due to the fluxes through the CEM in the presence of various mineral salt cations (X, X = Na+, K+, NH4+) change in the following order: LNa+ > LNH4+ > LK+. At the same time, the losses of amino acids through anion-exchange membranes in the presence of various mineral salt anions (Y, Y = Cl−, NO3−, SO42−) can be presented as follows: LCl− < LNO3− < LSO42−.



In this work, the desalination degrees due to the fluxes of mineral salt ions through the cation- and anion-exchange membranes in the presence of the amino acid are also compared.



The desalination degree of solutions for the studied anions due to the fluxes through the anion-exchange membranes increases in the order: SO42− < NO3− < Cl− and correlates with the mobility value order for these ions in the phase of the AEM. The order of the mobility values in solutions is reverse: NO3− < Cl− < SO42− [57].



The desalination degree of solutions for considered cations correlates with the selectivity of the cation-exchanger from which the CEMs are made with respect to the cations of mineral salts. The selectivity of the membrane increases in the order: NH4+ < Na + <K+ [57].



In our consideration, the value of amino acid losses in the electrodialysis of a solution containing potassium chloride is minimal for the studied systems. It is important to note that the amino acid losses in the desalination of the ammonium chloride solution is slightly higher and does not exceed 9.9% (for the alanine solution) and 7.8% (for the phenylalanine solution) at a current density of 5 mA·cm−2. This allows us to conclude that in order to reduce the losses of the target product (AA), it is most preferable to use this mineral salt, which is a source of nitrogen, in microbiological synthesis. At the same time, it should be noted that when using potassium chloride mineral salt, the maximal values of the desalination degree can be achieved due to the fluxes through the membranes. The desalination degree at a current density of 5 mA·cm−2 for a Phe + KCl solution is equal to 99.0% and 98.1% for the Ala + KCl solution when using the pair of heterogeneous membranes MA-41/MK-40.




4.3. The Influence of the Membrane Type used on the Desalination Process Parameters


The choice of ion-exchange membranes used for the desalination of AA solutions by electrodialysis is a task of great importance because the structure of the membrane, the type of ionogenic groups and the polymer matrix determine their characteristics. This paper attempts to determine the influence of such factors.



Amino acid losses due to mass transfer through MA-40 membranes reach the highest values in comparison with other anion-exchange membranes. This is connected with the catalytic activity of the secondary and tertiary amino groups of the membrane, which is greater than that of the quaternary ammonium groups of the AMT and MA-41 membranes. The absence of polyethylene in the structure of the AMT membrane ensures greater accessibility of the functional groups of this membrane compared to its heterogeneous analog. Therefore, the amino acid losses are observed to be greater in the electrodialysis using homogeneous AMT membranes as compared to heterogeneous MA-41 membranes. A similar feature was also revealed for the two considered CEMs.



However, the desalination degree for amino acid solutions with homogeneous membranes is the best among the considered pairs. For example, at a current density of 5 mA·cm−2, the desalination degree reached a maximal value equal to 99.5% for the Ala + KCl solution and 99.8% for the Phe + KCl solution.



The use of AEM MA-41 and CEM MK-40 leads to the lower values of the desalination degree. At the same time, the application of the MK-40/MA-41 membrane pairs with the electrodialysis of the AA + mineral salt solution, making it possible to reduce amino acid losses, which reach 8.5% (for alanine + KCl solution) and 7.5% (for a phenylalanine + KCl solution) at a current density of 5 mA·cm−2.




4.4. The Influence of the Spacer Type used on the Desalination Parameters


To intensify the mass transfer of ions through the ion-exchange membranes from the solution in the desalination compartment, various types of spacers (non-conducting spacers, ion-conducting granules [58,59], ion-exchange membrane nets [60]) are applied. The literature presents a restricted number of works in which the method of EDI is used for the desalination of solutions containing amino acids: neutral [61], acidic [62] and basic [63].



The desalination of the phenylalanine solution by conventional electrodialysis, electrodialysis with inert granulated polypropylene spacers, styrene−divinylbenzene copolymers (SDS) and ion-conducting spacers, such as a mixed bed of strong acidic cation-exchanger S 1468 and strong basic anion-exchanger S 6328 A in a volume ratio of 2:3, respectively, is compared in this study based on the results of our earlier work [64] and new experimental dependences.



The effects observed in the transport of organic ampholytes influences the process of their separation with strong electrolytes. The desalination of solutions containing amino acids at current densities corresponding to the area of the barrier effect action is accompanied by low amino acid losses. In the area of action of the barrier effect, amino acid losses are significantly reduced; in particular, in the electrodialysis of a Phe + NaCl solution, the losses decrease by 2.4 times and do not exceed 2.0% at a current density of 0.36 mA cm−2.



In the intensive current regime, amino acid fluxes increase significantly due to the effect of facilitated electromigration—the conjugated transport of amino acids and OH− and H3O+- ions. The losses of the target desalination product grow accordingly. However, the degree of desalination reaches the highest values in a more intensive current mode. The dependences of amino acid loss and desalination degree for various types of spacers on the current density are shown in Figure 9 and Figure 10.



The use of inert spacers makes it possible to increase the degree of desalination in comparison with conventional ED with smooth desalination channels. Moreover, in the desalination of aromatic amino acid solutions, the use of polypropylene is more rational than the use of the styrene−divinylbenzene copolymer, because in this case, amino acid losses are reduced by 3.2 times to a minimum which is equal to 5.0% at the current density 5 mA·cm−2. The structural similarity of aromatic fragments of phenylalanine and styrene−divinylbenzene copolymers leads to the larger losses of the target product in desalination due to the additional interactions between benzene rings of Aas and the matrix (stacking effect), that is, π-π interactions [65]. A scheme of the interactions of the phenylalanine benzene ring with an aromatic fragment of the styrene−divinylbenzene co-polymer of AEMs with functional quaternary ammonium groups (MA-41, AMT) is shown in Figure 11.



Rather high values of the desalination degree in the demineralization of amino acid–mineral salt solutions by the method of electrodeionization are already reached at low current densities. The degree of desalination equal to 72.1% was already achieved at a current density of 0.26 mA·cm−2. This makes it possible to reduce energy consumption in the purification of the amino acid solution from mineral salts. At the same time, the maximum values (97.3%) of the desalination degree are observed in the intensive current mode.



The use of ion-conducting spacers seems to be promising, since the highest values of the desalination degree are achieved both in the underlimiting and in the intensive current mode of EDI; however, it leads to the maximum losses of amino acid. The application of a spacer such as granulated polypropylene is reasonable if it is necessary to reduce the loss of the target product.



The current mode for separation of zwitterlytes and mineral salts can be chosen depending on the requirements for the target product. The action of the barrier effect can be used to reduce amino acid losses but the desalination degree in this range is rather low. If it is necessary to reach deep desalination, the intensive current regime is required but its drawback for the process is a growth of AA losses.





5. Conclusions


The transport characteristics and current–voltage curves of different ion-exchange membranes in the ED of solutions containing neutral amino acids and mineral salts are analyzed. The influence of the amino acid side chain structure and the nature of mineral salt ions on the parameters of the demineralization process are evaluated. The choice of the ion-exchange membranes and spacer type is also a key factor. Taking into account the structure of the side chain of the amino acid, its mobility, as well as the nature of the mineral salt ions, their hydration energy and other properties, it is made possible to predict the efficiency of the deionization of the mixed solution.



In particular, the demineralization of aromatic amino acid (phenylalanine) solutions is accompanied by an increase in the hydrophobicity of the membrane surface. This reduces the “plateau” length of the membrane CVC more significantly than the presence of aliphatic amino acids (alanine) in solution. The alanine flux through the ion-exchange membranes is superior to that of phenylalanine in studied range of current density. The losses of amino acids caused by their fluxes through AEMs in the presence of various mineral salt anions can be presented as follows: LCl− < LNO3− < LSO42−. Moreover, the desalination degree of solutions for the considered salts with various cations correlates with the selectivity of the cation-exchanger from which the CEMs are made with respect to the cations. The losses of the amino acids caused by their fluxes through the CEM in the presence of various mineral salt cations decrease in the following order: LNa+ > LNH4+ > LK+.



The desalination degree for amino acid solutions in the ED with homogeneous membranes is the best among the considered membrane pairs. The desalination degree is equal to 99.5% for the Ala + KCl solution and 99.8% for the Phe + KCl solution at the current density of 5 mA·cm−2. The application of the MK-40/MA-41 membrane pairs in electrodialysis allows for a reduction of amino acid losses, which reaches 8.5% for the Ala + KCl solution and 7.5% for the Phe + KCl solution at a corresponding current density.



It is important to note that amino acid losses in the desalination of the ammonium chloride-containing solution is slightly higher and does not exceed 9.9% for the Ala-containing solution and 7.8% for the Phe-containing solution in considered conditions.



The choice of membranes (functional groups and the structure of polymeric matrix) is important to control and regulate the mass transfer of components. To achieve the higher desalination degree of amino acid solutions, the most promising method is EDI. At the same time, the use of polypropylene granulated spacers in the electrodialysis of the amino acid–mineral salt solution makes it possible to reduce losses of the target product.







Author Contributions


Conceptualization, T.E.; methodology, T.E. and A.K.; investigation, A.K.; writing–original draft preparation A.K.; writing–review and editing, T.E.; funding acquisition, T.E. and A.K. Both authors have read and approved the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The research is funded by RSF (Russian Science Foundation), project № 22-29-01480, https://rscf.ru/en/project/22-29-01480/ (accessed on 29 December 2021).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xu, T.; Huang, C. Electrodialysis-Based Separation Technologies: A Critical Review. AIChE J. 2008, 54, 3147–3159. [Google Scholar] [CrossRef]

	



Bazinet, L.; Geoffroy, T.R. Electrodialytic Processes: Market Overview, Membrane Phenomena, Recent Developments and Sustainable Strategies. Membranes 2020, 10, 221. [Google Scholar] [CrossRef] [PubMed]

	



Campione, A.; Gurreri, L.; Ciofalo, M.; Micale, G.; Tamburini, A.; Cipollina, A. Electrodialysis for Water Desalination: A Critical Assessment of Recent Developments on Process Fundamentals, Models and Applications. Desalination 2018, 434, 121–160. [Google Scholar] [CrossRef]

	



Kabay, N.; Arar, O.; Bunani, S. Water Treatment by Electromembrane Processes. In Emerging Membrane Technology for Sustainable Water Treatment; Elsevier: Amsterdam, The Netherlands, 2016; pp. 181–214. [Google Scholar] [CrossRef]

	



Gurreri, L.; Tamburini, A.; Cipollina, A.; Micale, G. Electrodialysis Applications in Wastewater Treatment for Environmental Protection and Resources Recovery: A Systematic Review on Progress and Perspectives. Membranes 2020, 10, 146. [Google Scholar] [CrossRef]

	



Obotey Ezugbe, E.; Rathilal, S. Membrane Technologies in Wastewater Treatment: A Review. Membranes 2020, 10, 89. [Google Scholar] [CrossRef]

	



Caprarescu, S.; Miron, A.R.; Purcar, V.; Radu, A.-L.; Sarbu, A.; Nicolae, C.A.; Pascu, M.N.; Ion-Ebrasu, D.; Raditoiu, V. Treatment of Crystal Violet from Synthetic Solution Using Membranes Doped with Natural Fruit Extract. Clean-Soil Air Water 2018, 46, 1700413. [Google Scholar] [CrossRef]

	



Akhter, M.; Habib, G.; Qamar, S.U. Application of Electrodialysis in Waste Water Treatment and Impact of Fouling on Process Performance. J. Membr. Sci. Technol. 2018, 8, 2. [Google Scholar] [CrossRef]

	



Caprarescu, S.; Miron, A.R.; Purcar, V.; Radu, A.-L.; Sarbu, A.; Ion-Ebrasu, D.; Atanase, L.-I.; Ghiurea, M. Efficient Removal of Indigo Carmine Dye by a Separation Process. Water Sci. Technol. 2016, 74, 2462–2473. [Google Scholar] [CrossRef]

	



Fidaleo, M.; Moresi, M. Electrodialysis Applications in the Food Industry. Adv. Food Nutr. Res. 2006, 51, 265–360. [Google Scholar] [CrossRef]

	



Liu, R.; Wang, Y.; Wu, G.; Luo, J.; Wang, S. Development of a Selective Electrodialysis for Nutrient Recovery and Desalination during Secondary Effluent Treatment. Chem. Eng. J. 2017, 322, 224–233. [Google Scholar] [CrossRef]

	



Ward, A.J.; Arola, K.; Thompson Brewster, E.; Mehta, C.M.; Batstone, D.J. Nutrient Recovery from Wastewater through Pilot Scale Electrodialysis. Water Res. 2018, 135, 57–65. [Google Scholar] [CrossRef] [PubMed]

	



Pismenskaya, N.; Sarapulova, V.; Nevakshenova, E.; Kononenko, N.; Fomenko, M.; Nikonenko, V. Concentration Dependencies of Diffusion Permeability of Anion-Exchange Membranes in Sodium Hydrogen Carbonate, Monosodium Phosphate, and Potassium Hydrogen Tartrate Solutions. Membranes 2019, 9, 170. [Google Scholar] [CrossRef] [PubMed]

	



Perera, M.K.; Englehardt, J.D.; Dvorak, A.C. Technologies for Recovering Nutrients from Wastewater: A Critical Review. Environ. Eng. Sci. 2019, 36, 511–529. [Google Scholar] [CrossRef]

	



Abels, C.; Carstensen, F.; Wessling, M. Membrane Processes in Biorefinery Applications. J. Membr. Sci. 2013, 444, 285–317. [Google Scholar] [CrossRef]

	



Lazarova, Z.; Beschkov, V.; Velizarov, S. Electro-Membrane Separations in Biotechnology. Phys. Sci. Rev. 2020, 5, 20180063. [Google Scholar] [CrossRef]

	



Nelson, D.L.; Cox, M.M.; Hoskins, A.A. Lehninger: Principles of Biochemistry, 8th ed.; W. H. Freeman: New York, NY, USA, 2021. [Google Scholar]

	



Astrup, T.; Stage, A.; Motzfeldt, K.; Finsnes, E.; Sörensen, J.S.; Sörensen, N.A. Electrolytic Desalting of Amino Acid Solutions with Electronegative and Electropositive Membranes, and the Conversion of Arginine into Ornithine. Acta Chem. Scand. 1952, 6, 1302–1303. [Google Scholar] [CrossRef]

	



Gilbert, G.A.; Swallow, A.J. Studies in Dialysis. 1. An Application of Ion-Exchange Resins. Biochem. J. 1950, 47, 502–505. [Google Scholar] [CrossRef]

	



Di Benedetto, A.T.; Lightfoot, E.N. Ion Fractionation by Permselective Membranes. Factors Affecting Relative Transfer of Glycine and Chloride Ions. Ind. Eng. Chem. 1958, 50, 691–696. [Google Scholar] [CrossRef]

	



Domanova, E.G.; Ryzanov, A.I. The Diffusion and Electromigration of Neutral Amino Acids through the Ion Exchange Membranes. Rus. J. Appl. Chem. 1974, 47, 1258–1262. [Google Scholar]

	



Blainey, J.D.; Yardley, H.J. Electrolytic Desalting with Ion-Exchange Membranes. Nature 1956, 177, 83. [Google Scholar] [CrossRef]

	



Peers, A.M. Electrodialysis Using Ion-Exchange Membranes II. Demineralization of Solutions Containing Amino-Acids. J. Appl. Chem. 2007, 8, 59–67. [Google Scholar] [CrossRef]

	



Shaposhnik, V.A.; Eliseeva, T.V.; Selemenev, V.F. Transport of Glycine through the Ion-Exchange Membranes in Electrodialysis. Russ. J. Electrochem. 1993, 29, 794–795. [Google Scholar]

	



Shaposhnik, V.A.; Eliseeva, T.V. Barrier Effect during the Electrodialysis of Ampholytes. J. Membr. Sci. 1999, 161, 223–228. [Google Scholar] [CrossRef]

	



Eliseeva, T.V.; Shaposhnik, V.A. Effects of Circulation and Facilitated Electromigration of Amino Acids in Electrodialysis with Ion-Exchange Membranes. Russ. J. Electrochem. 2000, 36, 64–67. [Google Scholar] [CrossRef]

	



Voytovich, I.M.; Shaposhnik, V.A.; Kotov, V.V. About Electrodialysis Purification of Mannitol. Theory Pract. Sorpt. Process. 1976, 1, 106–108. [Google Scholar]

	



Zabolotskiy, V.I.; Gnusin, N.P.; Elnikova, L.F.; Blednich, V.M. The Study of Amino Acids Deep Purification of Mineral Impurities by Electrodialysis with Ion-Exchange Membranes. Russ. J. Appl. Chem. 1986, 59, 140–145. [Google Scholar]

	



Shaposhnik, V.A.; Selemenev, V.F.; Terentieva, N.L.; Oros, G.Y. Barrier Effect in Electromigration of Proline and Valine through the Ion-Exchange Membranes in Electrodialysis. Russ. J. Appl. Chem. 1988, 61, 1185–1187. [Google Scholar]

	



Elisseeva, T.V.; Shaposhnik, V.A.; Luschik, I.G. Demineralization and Separation of Amino Acids by Electrodialysis with Ion-Exchange Membranes. Desalination 2002, 149, 405–409. [Google Scholar] [CrossRef]

	



Vasil’eva, V.I.; Eliseeva, T.V. Laser-Interferometry Study of the Barrier Effect in the Electrodialysis of Amino Acid Solutions. Russ. J. Electrochem. 2000, 36, 30–35. [Google Scholar] [CrossRef]

	



Kharina, A.Y.; Charushina, O.E.; Eliseeva, T.V. Specific Features of the Mass Transport of the Components during Electrodialysis of an Aromatic Amino Acid–Mineral Salt–Sucrose Solution. Membr. Membr. Technol. 2022, 4, 127–132. [Google Scholar] [CrossRef]

	



Badessa, T.S.; Shaposhnik, V.A. Electrical Conductance Studies on Ion Exchange Membrane Using Contact-Difference Method. Electrochim. Acta 2017, 231, 453–459. [Google Scholar] [CrossRef]

	



Kotova, D.L.; Krysanova, T.A.; Eliseeva, T.V. Spectrophotometric Determination of Amino Acids in Aqueous Solutions; Publishing House of Voronezh University: Voronezh, Russia, 2004. [Google Scholar]

	



Eliseeva, T.V.; Kharina, A.Y. Membrane Methods in the Process of Extraction and Separation of Liquid Media Components; Publishing House of Voronezh State University: Voronezh, Russia, 2020. [Google Scholar]

	



Christian, G.D.; Dasgupta, P.K.; Schug, K.A. Analytical Chemistry; John Wiley & Sons: Hoboken, NJ, USA, 2020. [Google Scholar]

	



Monteiro, M.I.C.; Ferreira, F.N.; de Oliveira, N.M.M.; Ávila, A.K. Simplified Version of the Sodium Salicylate Method for Analysis of Nitrate in Drinking Waters. Anal. Chim. Acta 2003, 477, 125–129. [Google Scholar] [CrossRef]

	



Skoog, D.A.; West, D.M.; Holler, F.J.; Crouch, S.R. Fundamentals of Analytical Chemistry, 8th ed.; International Student ed., [Repr.]; Skoog, D.A., Ed.; Thomson-Brooks/Cole: Belmont, CA, USA, 2010. [Google Scholar]

	



Harvey, D. Modern Analytical Chemistry; McGraw-Hill: Boston, MA, USA, 2000. [Google Scholar]

	



Wang, M.; Kuang, S.; Wang, X.; Kang, D.; Mao, D.; Qian, G.; Cai, X.; Tan, M.; Liu, F.; Zhang, Y. Transport of Amino Acids in Soy Sauce Desalination Process by Electrodialysis. Membranes 2021, 11, 408. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Xu, C.; Zhang, C.; Wang, G.; Yan, Y.; Wu, C.; Wu, Y. Desalination of L-Threonine (THR) Fermentation Broth by Electrodialysis. Desalin. Water Treat. 2017, 81, 47–58. [Google Scholar] [CrossRef]

	



Aghajanyan, A.E.; Hambardzumyan, A.A.; Vardanyan, A.A.; Saghiyan, A.S. Desalting of Neutral Amino Acids Fermentative Solutions by Electrodialysis with Ion-Exchange Membranes. Desalination 2008, 228, 237–244. [Google Scholar] [CrossRef]

	



Choi, J.-H.; Oh, S.-J.; Moon, S.-H. Structural Effects of Ion-Exchange Membrane on the Separation Of L-Phenylalanine (L-Phe) from Fermentation Broth Using Electrodialysis. J. Chem. Technol. Biotechnol. 2002, 77, 785–792. [Google Scholar] [CrossRef]

	



Eliseeva, T.V.; Kharina, A.Y. Voltammetric and Transport Characteristics of Anion-Exchange Membranes during Electrodialysis of Solutions Containing Alkylaromatic Amino Acid and a Mineral Salt. Russ. J. Electrochem. 2015, 51, 63–69. [Google Scholar] [CrossRef]

	



Kharina, A.Y.; Eliseeva, T.V. Cation-Exchange Membrane MK-40 Characteristics in Electrodialysis of Mixed Solutions of Mineral Salt and Amino Acid. Sorb. Chrom. Prots. 2017, 17, 148–155. [Google Scholar]

	



Tanaka, Y. TotalBoox TBX. In Ion Exchange Membranes; Elsevier Science: Amsterdam, The Netherlands, 2015. [Google Scholar]

	



Zabolotsky, V.I.; Nikonenko, V.V. Perenos Ionov v Membranakh; Nauka: Moscow, Russia, 1996. [Google Scholar]

	



Vasil’eva, V.; Zabolotsky, V.; Shaposhnik, V.; Zhiltsova, A.; Grigorchuk, O. The Oscillation of Concentration Field at the Membrane-Solution Interface and Transport Mechanisms under Overlimiting Current Density. Desalin. Water Treat. 2010, 14, 214–219. [Google Scholar] [CrossRef]

	



Nikonenko, V.V.; Kovalenko, A.V.; Urtenov, M.K.; Pismenskaya, N.D.; Han, J.; Sistat, P.; Pourcelly, G. Desalination at Overlimiting Currents: State-of-the-Art and Perspectives. Desalination 2014, 342, 85–106. [Google Scholar] [CrossRef]

	



Zabolotsky, V.I.; Pismenskaya, N.D.; Nikonenko, V.V. On Anomalous Current-Voltage Characteristics of Slit Membrane Channels. Russ. J. Electrochem. 1986, 22, 1513–1518. [Google Scholar]

	



Bukhovets, A.; Eliseeva, T.; Dalthrope, N.; Oren, Y. The Influence of Current Density on the Electrochemical Properties of Anion-Exchange Membranes in Electrodialysis of Phenylalanine Solution. Electrochim. Acta 2011, 56, 10283–10287. [Google Scholar] [CrossRef]

	



Shaposhnik, V.A.; Eliseeva, T.V.; Tekuchev, A.Y.; Lushchik, I.G. Assisted Electromigration of Bipolar Ions through Ion-Selective Membranes in Glycine Solutions. Russ. J. Electrochem. 2001, 37, 170–175. [Google Scholar] [CrossRef]

	



Zabolotsky, V.I.; Nikonenko, V.V.; Pismenskaya, N.D.; Laktionov, E.V.; Urtenov, M.K.; Strathmann, H.; Wessling, M.; Koops, G.H. Coupled Transport Phenomena in Overlimiting Current Electrodialysis. Sep. Purif. Technol. 1998, 14, 255–267. [Google Scholar] [CrossRef]

	



Kharina, A.Y.; Kabanova, V.I.; Eliseeva, T.V. Current–Voltage Curves of Ion-Exchange Membranes in Electrodialysis of Solutions Containing Alkyl Aromatic Amino Acids and Various Mineral Salts. Desalin. Water Treat. 2014, 56, 3191–3195. [Google Scholar] [CrossRef]

	



Eliseeva, T.V.; Kharina, A.Y.; Voronyk, I.V.; Kabanova, V.I.; Bui, T.P.H. Demineralization of Tyrosine and Phenylalanine Solutions in Electrodialysis with Homogeneous and Heterogeneous Ion-Exchange Membranes. Sorpt. Chromatogr. Process. 2013, 13, 647–654. [Google Scholar]

	



Belova, E.I.; Lopatkova, G.Y.; Pismenskaya, N.D.; Nikonenko, V.V.; Larchet, C.; Pourcelly, G. Effect of Anion-Exchange Membrane Surface Properties on Mechanisms of Overlimiting Mass Transfer. J. Phys. Chem. B 2006, 110, 13458–13469. [Google Scholar] [CrossRef] [PubMed]

	



Marinsky, J.; Marcus, Y. (Eds.) Ion Exchange and Solvent Extraction: A Series of Advances; CRC Press: Boca Raton, FL, USA; Taylor & Francis Group: Boca Raton, FL, USA, 2017. [Google Scholar] [CrossRef]

	



Kedem, O. Reduction of Polarization in Electrodialysis by Ion-Conducting Spacers. Desalination 1975, 16, 105–118. [Google Scholar] [CrossRef]

	



Shaposhnik, V.A.; Grigorchuk, O.V.; Korzhov, E.N.; Vasil’eva, V.I.; Klimov, V.Y. The Effect of Ion-Conducting Spacers on Mass Transfer—Numerical Analysis and Concentration Field Visualization by Means of Laser Interferometry. J. Membr. Sci. 1998, 139, 85–96. [Google Scholar] [CrossRef]

	



Shaposhnik, V.A.; Zubets, N.N.; Mill, B.E.; Strigina, I.P. Demineralization of Water by Electrodialysis with Ion-Exchange Membranes, Grains and Nets. Desalination 2001, 133, 211–214. [Google Scholar] [CrossRef]

	



Lushchik, I.G.; Eliseeva, T.V.; Shaposhnik, V.A.; Tereshenko, A.S. Electrodeionization of an Amino Acid Solution. Sorpt. Chromatogr. Process. 2003, 3, 722–730. [Google Scholar]

	



Yuan, F.; Wang, Q.; Yang, P.; Tian, Y.; Cong, W. Influence of Different Resins on the Amino Acid Recovery by Resin-Filling Electrodialysis. Sep. Purif. Technol. 2015, 153, 51–59. [Google Scholar] [CrossRef]

	



Eliseeva, T.V.; Shaposhnik, V.A.; Krisilova, E.V.; Bukhovets, A.E. Transport of Basic Amino Acids through the Ion-Exchange Membranes and Their Recovery by Electrodialysis. Desalination 2009, 241, 86–90. [Google Scholar] [CrossRef]

	



Kharina, A.Y.; Eliseev, S.Y. Desalination of Phenylalanine Solution by Electro Membrane Methods. Condens. Matter Interph. 2017, 19, 126. [Google Scholar] [CrossRef]

	



Bukhovets, A.; Eliseeva, T.; Oren, Y. Fouling of Anion-Exchange Membranes in Electrodialysis of Aromatic Amino Acid Solution. J. Membr. Sci. 2010, 364, 339–343. [Google Scholar] [CrossRef]








[image: Membranes 12 00665 g001 550] 





Figure 1. Seven-compartment electromembrane cells with alternating cation (C)—and anion (A)—exchange membranes, ‘+’—cation, ‘−’—anion, E—electrodes (AgCl), green and blue circles—anion-exchange and cation-exchange granules: (a) for conventional electrodialysis with smooth channel; (b) for EDI. (The scheme is similar for ED experiments with inert spacers in the 4th compartment but this compartment is filled with PP or styrene−divinylbenzene copolymer granules). 
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Figure 2. CVCs of the membrane MA-41 (a) and the membrane MK-40 (b) in the solutions: 1–Phe + NaCl, 2–NaCl, 3–Ala + NaCl. 
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Figure 3. The dependence of amino acid fluxes through the membrane MA-41 (a) and the membrane MK-40 (b) on the current density in ED of solutions: 1–Ala + NaCl, 2–Phe + NaCl. 
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Figure 4. The dependence of Cl−-anions fluxes through the membrane MA-41 on the current density in the ED of solutions: 1–NaCl, 2–Phe + NaCl, 3–Ala + NaCl. 
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Figure 5. The dependence of Phe fluxes through the membrane MA-41 on the current density in ED of solutions: 1–Phe + Na2SO4, 2–Phe + NaNO3, 3–Phe + NaCl. 
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Figure 6. The dependence of amino acid fluxes through the membrane MK-40 on the current density in the ED of solutions: (a) 1–Ala + NaCl, 2–Ala + NH4Cl, 3–Ala + KCl; (b) 1–Phe + NaCl, 2–Phe + NH4Cl, 3–Phe + KCl. 
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Figure 7. CVCs of the membranes: 1–CMT, and 2–MK-40 in solutions Ala + NaCl. 






Figure 7. CVCs of the membranes: 1–CMT, and 2–MK-40 in solutions Ala + NaCl.



[image: Membranes 12 00665 g007]







[image: Membranes 12 00665 g008 550] 





Figure 8. The dependence of alanine fluxes through the membranes CMT (1), MK-40 (2) on the current density in the ED of solution Ala + NaCl. 
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Figure 9. The dependence of amino acid losses on the current density in the desalination of Phe (0.02 M) + NaCl (0.01 M) solution: 1–ED with styrene−divinylbenzene granulated copolymer; 2–ED; 3–EDI; 4–ED with granulated polypropylene as a spacer. 
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Figure 10. The dependence of the desalination degree of Phe (0.02 M) + NaCl (0.01 M) solution on the current density in the electromembrane system: 1–EDI, 2–ED with styrene−divinylbenzene granulated copolymer, 3–ED with granulated polypropylene as a spacer, 4–ED. 
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Figure 11. Scheme of the interactions of phenylalanine benzene ring with the aromatic fragment of styrene−divinylbenzene copolymer of anion-exchange membrane. 
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Table 1. Some properties of studied amino acids.
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Amino Acid

	
Structural Formula

	
pI

	
pK

	
Molecular Weight

	
Solubility, g/100 mL H2O, 25 °C

	
Side Radical Volume, nm3




	
pK1

	
pK2

	






	
Alanine

α-Ala
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6.01

	
2.34

	
9.69

	
89.09

	
16.65

	
0.0322




	
Phenylalanine

Phe
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5.91

	
2.58

	
9.24

	
165.19

	
2.96

	
0.1366
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