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Abstract

:

The widespread use of nanofiltration and electrodialysis membrane processes is slowed down by the difficulties in predicting the membrane performances for treating streams of variable ionic compositions. Correlations between ion hydration properties and solute transfer can help to overcome this drawback. This research aims to investigate the correlation between theoretically evaluated hydration properties of major ions in solution and experimental values of neutral organic solute fluxes. In particular, ion hydration energies, coordination and hydration number and the average ion-water distance of Na+, Ca2+, Mg2+, Cl− and SO42− were calculated at a high quantum mechanics level and compared with experimental sugar fluxes previously reported. The properties computed by simple and not computationally expensive models were validated with information from the literature. This work discusses the correlation between the hydration energies of ions and fluxes of three saccharides, measured through nanofiltration and ionic-exchange membranes. In nanofiltration, the sugar flux increases with the presence of ions of increasing hydration energy. Instead, inverse linear correlations were found between the hydration energy and the sugar fluxes through ion exchange membranes. Finally, an empirical model is proposed for a rough evaluation of the variation in sugar fluxes as function of hydration energy for the ion exchange membranes in diffusion experiments.
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1. Introduction


Membrane technology is used in a number of civil and industrial applications such as the food industry, biological and chemical fields, pharmaceutical productions, water treatment, complex fluid treatment, gas separation and more [1,2,3]. Its increasing widespread use is due to its ability to meet the process intensification requirements: low energy demand, selective transport of specific compounds, potential to boost reaction processes and reduced soil consumption. The treatment of complex fluids is an active field in industrial applications for both economic reasons and sustainability.



In this frame, nanofiltration (NF) plays a fundamental role, while electrodialysis (ED) has found a second life [4]. Salty environments are very common in applications where nanofiltration and electrodialysis are used and previous studies have shown that the nature and concentration of ions affects the transfer of neutral organic solutes through these kinds of membranes [5,6,7,8]. The impact of the electrolytes on the organic solute fluxes was investigated experimentally. It was found that in nanofiltration [5], ions with a larger hydration shell cause an increase in the sugar fluxes, whereas Galier et al. [6,9] highlighted that the sugar fluxes decrease when an ionic exchange membrane (IEM) is equilibrated with counter-ions with a larger hydration number.



The transfer of neutral organic matter through a membrane is governed by two key factors: the free volume/pore size of the membrane and the solute dimension. In particular, the neutral organic matter transfer could increase if there is an increase in the free volume/pore size of the membrane or if there is a decrease in the solute dimension, or a combination of both. Thus, if the transport rate changes, the membrane properties or the solute properties should change. In the literature, several works assume that the influence of ions on the transfer of neutral organic solutes through a NF membrane is related to the change in solute dimension [5,10,11]. However, other works explain the influence of the ions by a modification in the free volume/pore size of the membrane [7,8]. Fuoco et al. [12,13] performed quantum and molecular mechanics calculations to evaluate the noncovalent interactions between sugars and a cation exchange polymer (equilibrated with the investigated counter-ions) as well as among the polymer chains. It was stated that the influence of the counter-ions on the sugar fluxes is correlated with a change in the membrane properties, in agreement with the empirical interpretation given by Galier et al. [6]. The conclusion, reported in reference [13], claims that the ion effect on the IEM is mainly due to the modification of free volume, but in a dynamic way that has a different cohesion energy between the polymer chains. In order to clarify that membrane change is the driving force behind these correlations, Fuoco et al. calculated some key properties of the counter-ions interacting with the negative fixed charges along the polymer chains, i.e., the properties of the counter-ions in the bulk of the soaked membranes. Compared to previous work, herein we have theoretically verified the correlations between saccharide permeability and the hydration properties of the counter-ions in solutions. The computed hydration properties, independent from particular experimental conditions, are more suitable for the development of a subsequent predictive model. Moreover, even if water is used as solvent in these calculations, the same procedure can be proposed for the calculation of the hydration properties of the ions in non-aqueous solutions. When determined experimentally, hydration numbers, as well as the hydration energies of ions, depend on the experimental methods used [14]. For example, during the evaluation of the coordination number, it is very common to obtain data from the salts, and not for the single dissolved cation or anion in dilute solutions; thus, the criteria used to split the contributions can confer some differences. With the development of computing approaches, such as the one presented here, the properties of ions in solution can be evaluated independently from particular experimental conditions and methodologies [15].



In particular, we present an ab-initio computational method to investigate the hydration properties of ions correlated with organic solute transfer, both in nanofiltration and IEM. The main hydration properties of some cations and anions were experimentally recognized to affect the transfer of neutral organic solutes, such as coordination and hydration number (CN, NH), average ion-water distance (d) and hydration energy. Hydrated ion clusters were modeled considering the various number of water molecules, and then the ion-water interaction energies were calculated as a function of the increasing number of H2O molecules. The computed CN, NH and average ion-water distance are correlated with the experimental data obtained in previous works concerning sugar transfer through nanofiltration [5] and IE membranes [6]. Moreover, an empirical model is proposed for a rough evaluation of the variation of sugar fluxes as a function of hydration energy for the ion exchange membranes in diffusion experiments.




2. Materials and Methods


2.1. Computational Details


The quantum calculations were carried out in the framework of density functional theory (DFT) using the X3LYP potential and energy functional [16,17]. This functional is well known for its reliability in describing H-bonds in clusters involving ions. Generally, similar systems have shown an error of less than 1.5 kcal mol−1 for each H-bond [18]. All the water-ion clusters were fully optimized using analytical energy gradients and the quasi-Newton optimization with approximate energy Hessian updates [19]. The convergence thresholds were 4.5 × 10−4 and 3.0 × 10−4 a.u. for the maximum and root-mean-square gradient, respectively, and (1.8 and 1.2) 10−3 a.u. for the maximum and root-mean-square of the Cartesian displacements, respectively. The energy convergence threshold for the self-consistent field procedure was set to 10-6 a.u., and the root-mean-square of the electron density was set to 10−5 a.u. The reliability of these thresholds was proven in previous studies [12,13,20]. The “6-31+G*” atomic orbital basis sets were used for H, O, Na, Mg, Ca and S while “6-311++G**” were used for the optimization in which Cl− was involved. Polarization orbitals were used since they give appreciable contributions for the hydrogen bonding modeling [21], while the diffuse function is required for a better description of cations and oxygen-containing systems [22,23].



The ion-water interaction energy, ΔEiw (kcal mol−1), is calculated as the difference between the energy of the complex, EComplex, and those of the two single fragments, i.e., the single ion, Eion, and the optimized water cluster around it, EHyd.shell.


ΔEiw = EComplex − Eion − E Hyd.shell



(1)







Basis set superposition error (BSSE) correction [23] was applied to increase the accuracy of the calculated interaction energy [24,25].



The starting geometries of each cluster, containing an increasing number of water molecules around the target ions (from 1–16), were built each time ex-novo. Examples of the initial highly symmetrical structures are shown in Figure 1. In the starting geometries, the distances between cations and oxygen atoms of the first water molecules were set at 2.3 Å, while it was set at 2.1 Å for the closest hydrogen atoms and the Cl− anion. For the SO42−, the distance between the sulfur atom and the hydrogen of the water molecules was set at 3.6 Å. These distances were chosen to avoid dummy H-bonds in the starting geometry.



To avoid confusion, with the term coordination number, CN, we have indicated the total number of water molecules directly interacting with the target ions. A molecule of water is considered directly interacting with the central ion if the ion-water distance is less than 2.8 Å for monoatomic ions [25] while, for the SO42− anion, a hydrogen bond has to be formed between the H2O molecule and one oxygen of the sulfonated molecule. The geometrical thresholds, used to establish the H-bond formation, were a donor-acceptor distance of 2.1 Å and a cutoff angle of 120° [26]. Instead, the hydration number, NH, is defined as the number of water molecules required for achieving the asymptotic convergence of the interaction energy. It corresponds to the first points of the plateau in the curves displaying the variation of the interaction energy versus the number of interacting water molecules, as shown in Figure 2. Thus, the coordination number plus any successive shells forms the total hydration shell of the considered ions.




2.2. Experimental Conditions


In this work, we used some experimental fluxes from the literature that were carried out under diffusion conditions on NF or IE membranes as a reference, i.e., the sugar transfer is governed by the difference of concentration across the membrane, without other driving forces. In particular, the works of Boy et al. [5] and Galier et al. [6] were chosen as references for the NF and IE membranes respectively. This decision was made since the experiments were carried out under the same conditions: the temperature was set at 25 °C and the initial saccharide and electrolyte concentrations were fixed at 1 mol L−1 and 1 equiv. L−1, respectively. Moreover, the experiments were carried out with the same saccharides of increasing weights, i.e., xylose (150.13 g mol−1), glucose (180.16 g mol−1) and sucrose (342.29 g mol−1).



The nanofiltration experiments were carried out with a Dow Filmtec NF-45 membrane, which has an average molecular weight cut-off of 150–200 g mol−1 [5], while an electrodialysis stack (EUR-2B-10, Eurodia Industries, France) equipped with cation exchange (CMX) or anion exchange (AMX) membranes was used for the experiments on ion exchange membranes [6].





3. Results and Discussion


3.1. Ion Hydration Properties


The interaction energies between the target cations and the water molecules as a function of the number of H2O molecules, i.e., for different hydration levels, were modelled by using the approach illustrated in the previous section and reported in Figure 2 and Figure 3. Two different regions can be observed for each curve. In the initial stage, the interaction energy drastically decreases as the number of water molecules increases. The energy difference between two consecutive points is the contribution of the last added water molecule to the more stable water-ion cluster. The second region is when the interaction energy, ΔEiw, does not significantly change by the addition of other water molecules. At this stage, an energy plateau is reached and the ion hydration shell is considered completed. This means that the addition of further water molecules does not change the hydration cluster surrounding the ion. The structures at the beginning of the plateau are used for model validation and further comparison with experimental fluxes.



The computed results were summarized in Table 1 and compared with experimental data taken from the literature in order to assess the reliability of the computational approach. In general, the computational values and experimental data show a good agreement, highlighting the reliability of the computational method used. The hydration number is the number of water molecules at the starting point of the first plateau in Figure 2 and Figure 3. For Na+ and Mg2+, CN values of 5 and 6 were obtained in agreement with the literature values; moreover, the coordination number of Cl− and SO42− were also well reproduced (Table 1). It is worth noting that for some ions such as Na+ and Cl−, the CN and NH values are equal or quite similar. On the contrary, the CN and NH are different for the other ions.



For Na+ and Cl−, two plateaus are found in Figure 2 and Figure 3, which means that the second hydration shell is formed for the two small ions with 10 or 12 water molecules respectively. In this paper, the interaction energies of the first hydration shells were correlated with the sugar fluxes through NF and IE membranes. Thus, for Na+ and Cl− ions, the interaction energies of the clusters with a higher hydration level are not used.



The minimum distances between water molecules and ions were also well reproduced. Although the clusters containing Mg2+ and Na+ show equal coordination numbers, the shorter Mg2+-H2O distance, i.e., 2.09 Å, with respect to the Na+-H2O length (2.40 Å) is well reproduced, in agreement with the literature data. A deeper discussion on the structural properties of these hydrated ions, investigated by this computational methodology, including the analysis of the coordination structure, is reported elsewhere [20].



In general, the interaction energy is related to thermodynamic properties, such as the Gibbs free hydration energy and/or the hydration enthalpy of the solvated ions. The comparison between the computed ΔEiw and the experimental hydration enthalpy, ΔH, presented in Table 1, shows that the computational method used for characterizing the properties of the target ions interacting with the water molecules is sufficiently accurate.




3.2. Hydration Energy vs. Experimental Sugars Fluxes through NF or IE Membranes


The computed hydration numbers follow the trend NHNa+ < NHCa2+ < NHMg2+ for cations and NHCl− < NHSO42− for anions (Table 1). A higher ion hydration number gives an increase in the sugar flux with the NF membrane (JNa+ < JCa2+ < JMg2+ in reference [5]). Remarkably, an increase of the ion hydration number leads to a decrease of sugar flux with the IEM (JNa+ < JCa2+ < JMg2+ in reference [6]). In general, higher NH corresponds to higher impact of the ion on the sugar flux for the two membrane systems. One can also remark that no correlation between the experimental sugar fluxes and ion coordination number was found (CNNa+ ≈ CNMg2+ < CNCa2+). Even if these two quantities are strictly related, CN takes into account only very local interactions that do not influence macroscopic properties. On the other hand, NH can be correlated with the macroscopic fluxes since it is also related to long range interactions.



Figure 4 shows the experimental fluxes obtained by Boy et al. [5] with a NF membrane for xylose, glucose and sucrose versus the hydration energies computed in this study. Firstly, the experimental flux for each investigated sugar increases with increasing hydration energy of the ions in solution. Thus, the computed hydration energies between ions and water molecules correlate with the experimental fluxes of the sugars. Boy et al. [5] already reported a correlation between the sugar flux and a volumetric property of the sugar/electrolyte solution, the partial molar volume, which characterizes the hydration of the sugar.



At the molecular level, the hydration shell of the sugar is composed of two kinds of water molecules: strongly interacting ones forming hydrogen bonds with the sugar OH groups and weakly interacting ones forming only weak interactions with the hydrated sugar structure. These two kinds of water molecules behave in very different ways. The weak interacting water molecules can be easily lost by the sugar during the transfer through the membrane, because their removal from the hydration shell does not require much energy. On the contrary, the strongly interacting water molecules cannot be easily lost even in confined spaces, i.e., during the transfer through the membrane, due to the energy needed to break the hydrogen bonds. The strength of these hydrogen bonds, and thus the energy needed to dehydrate the sugar, can be influenced by electrostatic interactions with ions in solution. When ions and sugar are at an interaction distance such as that which exists at the solution-membrane interface, the ions influence the electron density of the system, modifying the energy of noncovalent interactions between the strongly bound water molecules and the sugars. A cation with a stronger interaction energy reduces the strength of the sugar-water interactions. As a consequence, the sugar can lose one or more water molecules during its transfer through the membrane, resulting in a smaller hydration shell and thus a smaller effective diameter. The correlations found here support the above described molecular mechanism (i.e., the ion showing greater interaction with the water molecules can also affect the water molecules coordinating the neutral organic solute, and then influence the sugars fluxes in NF processes), although further molecular modeling is necessary for a deeper investigation.



Secondly, the slope of the curves in Figure 4 is correlated with the sugar size. The slope is higher for increasing sugar size, as can be observed by comparing the results obtained with the three different sugars. Although xylose and glucose have similar chemical structures, glucose (C6H12O6) is bigger than xylose (C5H10O5), and has more OH groups in the structure. The additional OH groups make the glucose hydration shell larger than the xylose, since the OH groups form more hydrogen bonds with the water molecules. As pointed out, ions at interaction bonding distance change the strength of these H-bonds, modifying the effective hydration shell of the sugars. The effective size of a sugar is strongly dependent on its hydration shell, as well as on its geometrical structure. Electrolytes in solution affect the sugar hydration shell, where one sugar with a bigger effective size in pure water can show smaller effective dimensions in the presence of electrolytes in solution. It can be dependent on the degree of interaction between electrolytes and water molecules; thus, it may be related to ion hydration energy.



Particular is the behavior of the sucrose in presence of Ca2+ due to its specific interactions with the sucrose. In fact, specific interactions among electrolytes and sugars were already observed, especially between fructose and Ca2+ [36,37]. Because the sucrose is composed of two subunits, glucose and fructose, it is reasonable to extend the explanation of the specific interactions among divalent cations and fructose to the sucrose. However, these conclusions should be confirmed by deep molecular modeling since accurate experimental measurements of these interactions are very difficult.



Ion exchange membranes were also found to be sensitive to the composition of the electrolyte solutions. In fact, in diffusion conditions, it has been experimentally observed that the ions act prevalently on the membrane transport properties [6,27]. The electrolytes present in solution show an opposite effect to that observed with the NF membrane. For both CMX and AMX membranes, electrolytes with ions of higher hydration energies induce a decrease in the sugar fluxes.



In Figure 5, the fluxes of the three investigated sugars, as obtained through ion exchange membranes in the diffusion regime by Galier et al. [6], are reported as a function of the hydration energies of the ions used to equilibrate the fixed charge of the membranes. In these cases, all fluxes linearly decrease with respect to the ion hydration energies. A correlation between the computed ion hydration energies and the experimental sugar fluxes is found according to the following relationship:


      J a  ∝    1  h y d r a t i o n   e n e r g y       



(2)




where Ja is the sugar flux measured through an ionic exchange membrane equilibrated with a given counter-ion. It is essential to pay close attention to the above correlation since the two quantities refer to different chemical environments. Indeed, Ja is the sugar flux through the IE membrane while the ion hydration energy refers to the interaction between the ion and water molecules in solution as obtained in the plateau limit. As a result, a distinction between the ion-water interaction in the polymer matrix and the ion-water interaction in the bulk solution should be made. In a previous study [13], we have investigated the correlation between the ion-water interaction in a CMX membrane and sugar fluxes. It was concluded that cations affect the membrane properties prevalently.



Considering the inverse proportionality between experimental fluxes and computed hydration energies, an empirical correlation was defined:


       J a     J b      ≈       hydration   energy  b   /    z b      hydration   energy  a   /    z a       



(3)




where Ja and Jb are the sugar fluxes through the membranes equilibrated with a and b counter-ions, respectively, while the hydration energies are normalized with respect to the valence of the considered ions, za, and zb. The valence of the ions is used since a divalent ion can equilibrate two functional groups of the membrane. In Table 2, the ratios between the experimental fluxes of the investigated sugars through CMX membranes equilibrated with Ca2+ and Mg2+ were compared with the ratios of the hydration energies of the same ions normalized with respect to the sodium hydration energy. Also in Table 2, the same quantities referring to the sugar fluxes through AMX membranes equilibrated with Cl− and SO42− were compared. For both membranes, the hydration energies, normalized with respect to the valence ratios outlined in Equation (3), give a satisfactory evaluation of the ratios between sugar fluxes through IEMs equilibrated with the considered ions. For example, the computed value of (hydration energyMg2+/zMg2+)/(hydration energyNa+/zNa+) is 2.25, while the experimental values of the associated fluxes ratios are 2.22, 2.28 and 2.5. In the case of Ca2+, the ratio between normalized hydration energies is 1.51, which is comparable with the ratios between the sugar fluxes of sucrose. Even if this comparison cannot fully describe the system, since other parameters such as molecular size should also be considered, there is a clear trend of the effect on the cation or anion in solution and the performance of the membrane. This empirical model should be used to get an idea of the order of magnitude of the impact of ion properties on the neutral mass transfer through these membranes, and not as a fully quantitative model for the entire application.





4. Conclusions


In this work, CN, NH, ion-water average distance and the hydration energies of Na+, Ca2+, Mg2+, Cl− and SO42− were evaluated by an accurate quantum mechanics computational approach. The calculation of these properties was validated by comparing their values with experimental data from the literature. The agreement between theoretical and experimental values was good, showing that the proposed computational procedure is reliable. Once the reliability of the computational approach was established, the experimental fluxes of three sugars through nanofiltration and ion exchange membranes, as obtained in a previous investigation, were plotted as a function of the computed hydration energies.



In nanofiltration, the sugar flux increases with the presence of ions of increasing hydration energy in the bulk solution, i.e., ions having a stronger interaction with the water clusters constituting their hydration shell. On the contrary, the sugar flux through an ion exchange membrane, equilibrated with the same electrolyte that is present in the solution, decreases as the hydration energy of the investigated ions increases. Moreover, for the IEM case, a quantitative correlation between the theoretical hydration energy of the ions and the sugar fluxes was pointed out. Specifically, this relationship correlates the fluxes of the considered sugars through ion exchange membranes, where the counter-ions in solution balance the negative or positive charges of the polymer chains with the hydration energy of these counter-ions. A good agreement is obtained by comparing the ratios between the hydration energies of a pair of ions with those between the related experimental sugar fluxes. The influence of ions on the mass transfer through nanofiltration or ion exchange membranes is a challenging field. The correlations found in this work between computed hydration energies and experimental sugar fluxes can help to face this challenge. Considering the simplicity of the model used in this work, the same computational procedure can be used for the investigation of the ion properties in non-aqueous solutions, paving the way for the first approximation of membrane performance when complex fluids are treated. This research encourages further work that should be carried out to better understand the involved mechanisms at the molecular scale, such as the study of sugar hydration shells in constricted space, i.e., pores of nanofiltration membranes or microstructures of the polymer network of ion exchange ones, or in the presence of non-aqueous solvents.
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Figure 1. Initial structure with 16 H2O for the Mg2+ cation on the left, and the SO42− anion on the right. 
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Figure 2. ΔEiw for the target cation as function of the hydration level, i.e., N° is the number of water molecules. Solid circles indicate the ΔEiw plateaus referred to the first hydration shell, while the dashed circle indicates the formation of the second hydration shell. 
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Figure 3. ΔEiw for the anions as function of the hydration level. Solid circles indicate the ΔEiw plateaus referred to the first hydration shell, while the dashed circle indicates the formation of the second hydration shell. 
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Figure 4. Sugars fluxes through a NF membrane versus cation hydration energies (Cl− is used as common anion). Sugar fluxes (Ja) measured in diffusion regime [Sugar] = 1 mol L−1 [electrolyte] = 1equiv. L−1 [5]. 






Figure 4. Sugars fluxes through a NF membrane versus cation hydration energies (Cl− is used as common anion). Sugar fluxes (Ja) measured in diffusion regime [Sugar] = 1 mol L−1 [electrolyte] = 1equiv. L−1 [5].



[image: Computation 06 00042 g004]







[image: Computation 06 00042 g005 550] 





Figure 5. Sugars fluxes through cation exchange membranes (CMX) versus cation hydration energies (Cl− is used as common anion). Sugar fluxes measured in diffusion regime [Sugar] = 1 mol L−1 [electrolyte] = 1equiv. L−1 [6]. 
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Table 1. Comparison between computed (grey rows) and experimental (from literature, white rows) solvation properties: coordination number (CN), ion-water minimum distance (d), hydration number (NH), hydration energy and hydration enthalpy (ΔH).
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	Na+
	Mg2+
	Ca2+
	SO42−
	Cl−





	CN
	5–6
	5–6
	7–8
	≈10–11
	6



	CNref
	6 [27], 5.85 [28]
	6 [27], 5.1, 6.0 [29]
	8 [27],

4.8–8.2 [29]
	11.2 [30]
	6.25 [28]



	d(Å)
	2.40
	2.09
	2.52
	1.91
	2.40



	dref(Å)
	2.43 [27]
	2.10 [27], 2.07 [26], 2.13, 2.07 [29]
	2.46 [27],

2.35 [26],

2.42, 2.52 [29]
	n.a.
	2.24–2.42 [15]



	NH
	5–6
	11–12
	10–11
	12–13
	7–8



	NH ref
	6.5 [31], 5.97 [32]
	11.7 [31]
	10.4 [31]
	3.9 [31],

12 [33],

<13 [33]
	5.3 [31],

8.36 [27],

4–9 [34]



	ΔEiw (kcal mol−1)
	−99
	−446
	−342
	−215
	−70



	ΔH (kcal mo−1l)
	−99 [35]
	−465 [35]
	−382 [35]
	−247 [35]
	−87 [35]
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Table 2. Summary of the normalized ions properties and sugar fluxes measured with CMX or anion exchange (AMX) membranes.
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Cation (CMX)




	
Counter-ion (b)

	
       hydration   energy  b   /    z b      hydration   energy   N a    /    z  N a       

	
JNa+/Jb

(Xylose)

	
JNa+/Jb

(Glucose)

	
JNa+/Jb

(Sucrose)




	
Ca2+

	
1.72

	
1.33

	
1.45

	
1.66




	
Mg2+

	
2.25

	
2.22

	
2.28

	
2.50




	
Anions (AMX)




	
Counter-ion (b)

	
       hydration   energy  b   /    z b      hydration   energy   C l    /    z  C l       

	
JCl−/Jb

(Xylose)

	
JCl−/Jb

(Glucose)

	
JCl−/Jb

(Sucrose)




	
SO42−

	
1.51

	
1.11

	
1.2

	
1.42
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