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Abstract

:

The purpose of this study is to predict two-electrolyte solutions containing Rb+, explore its characteristics to better solve the problems existing in the natural environment, and promote the development of high technology. We fit and predict the activity and osmotic coefficients of nineteen single-electrolyte solutions and seven two-electrolyte solutions containing Rb+ using the electrolytr Molecular Interaction Volume Model and the electrolyte Molecular Interaction Volume Model-Energy Termmodels. The average relative errors of the activity coefficient and osmotic coefficient calculated by eMIVM in aqueous monoelectrolyte solution were 0.59% and 0.38%, respectively, and for eMIVM-ET they were 1.06% and 0.38%, respectively. The average relative errors of activity coefficient and osmotic coefficient calculated by eMIVM-ET in organic single-electrolyte solution were 1.33% and 0.48%, respectively, while for eMIVM they were 1.49% and 0.48%, respectively. When predicting the activity coefficient and osmotic coefficient of two-electrolyte solutions containing Rb+, the average relative errors calculated by the eMIVM-ET model were 23% and 13%, respectively, while the values calculated by the eMIVM model were 34% and 17%, respectively. The results show that eMIVM-ET has a good fitting effect in organic monoelectrolyte solutions, and eMIVM has a good fitting effect in aqueous monoelectrolyte solutions. In the prediction of two-electrolyte solutions, the eMIVM-ET model performs better than the eMIVM model.
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1. Introduction


The aim of this article, focusing on the prediction of bielectrolyte solutions containing Rb+, is to comprehend the inherent properties of Rb+ electrolyte solutions. This understanding contributes to addressing challenges in the natural environment and facilitating advancements in high technology. With the onset of the world’s third industrial revolution, the thermodynamics of electrolyte solutions assumes an increasingly pivotal role across various domains, including chemical engineering [1,2], hydrometallurgy [3,4,5], environmental biochemistry, salt lake development [6,7], and geochemistry [8,9,10,11]. Rubidium metal is significant as an essential rare metal, with Japan and the United States being the primary global consumers. Japan utilizes rubidium as a catalyst for organic synthesis, while the United States predominantly employs it for high-tech development. In our country, rubidium finds applications in the military and scientific sectors and in numerous civilian domains. The use of rubidium ion electrolyte solutions, known for their high conductivity and robust stability, supports the advancement of efficient, long-life energy storage systems [12], including solid-state and hybrid ion batteries. These batteries exhibit substantial potential in electric vehicles and renewable energy storage. Additionally, the application of their selective permeability and chemical stability aids in developing environmentally friendly membrane separation and wastewater treatment technologies, addressing global challenges of water scarcity and pollution [13]. Consequently, studying the thermodynamic properties of electrolyte solutions containing Rb+ is imperative.



In practical terms, determining activity coefficients and osmotic coefficients is a complex process, typically involving the following [14,15,16]: (1) experimental methods such as the electric potential method, conductivity method, and permeability method [17]; and (2) theoretical calculation methods based on the chemical properties, state parameters, physicochemical properties, etc., of different substances. The availability of a thermodynamic model capable of more accurately predicting activity and osmotic coefficients would greatly facilitate related research, saving significant time and resources [18]. The theory of ionic mutual attraction, proposed by Debye–Hückel [19,20,21] in 1923, represents a significant advancement in the theoretical study of modern electrolyte solutions. While effective for Coulombic forces, Debye–Hückel’s theory neglects the direct impacts of short-range forces. In response, Pitzer [22,23,24,25] introduced considerations for short-range push repulsion between ions, building upon the Debye–Hückel framework [26,27]. However, this approach faces challenges, including the empirical nature of the equation [28], the empirical character of the parameters [29], and an excessive number of parameters [30]. Other models favored by industry for their simplicity and ease of use are the electrolyte nonrandom two-liquid model [31,32,33], the extended UNIQUAC model [34,35,36] and the MSE model [37,38], all of which are used to describe the short-range interactions of electrolyte solutions, but which have their corresponding drawbacks. eNRTL equations are inherently poorly grounded in theory. Compared to eNRTL, the extended universal quasichemical model has a more sound theoretical basis, the excess Gibbs energy of the model includes enthalpy and entropy contributions, and the model parameters are ion-specific. However, the model requires four adjustable parameters to describe a single-electrolyte system, including a volume parameter, a surface area parameter and two temperature-dependent binary interaction parameters. The MSE model was developed by Wang et al. (2002) specifically for concentrated electrolyte solutions; the basic model equations also include three components: long-range (LR), mid-range (MR), and short-range interactions (SR), but there is high computational complexity [39]. From these considerations, the Electrolyte Molecular Interaction Volume Model (eMIVM) [40] emerged, aiming to account for both long-range [41] and short-range interactions while utilizing fewer parameters. Within this framework, the eMIVM-ET model [42,43] was proposed within this framework, eliminating the need for ionic molar volume parameters and relying on only two electrolyte-property parameters. The energy terms eMIVM-ET and eMIVM of the electrolyte molecular interaction volume model are thermodynamic models of electrolyte solutions obtained based on sound statistical thermodynamics.



This paper focuses on fitting the activity coefficient and osmotic coefficient of a single-electrolyte solution containing Rb+ by the eMIVM-ET model and the eMIVM model and predicting the activity coefficient and osmotic coefficient of a three-component system containing a two-electrolyte solution of Rb+ based on the basic parameters of binary-system data fitting, and finally comparing the computed results to explore the eMIVM-ET and the eMIVM models’ applicability.




2. Thermodynamic Modelling Framework


An electrolyte solution system is characterized by the ions and molecules present in the solution, with three types of interactions: ion–ion interactions, ion–molecule interactions, and molecule–molecule interactions. These interactions are the main cause of the thermodynamic properties and phase behavior of the electrolyte solution deviating from the ideal solution, in which the ion–ion interaction can also be called the long-range electrostatic interaction, the potential energy induced by it is inversely proportional to the distance 1/r, and the influence of this kind of interaction has a relatively long range. In addition, ion–molecule interaction and molecule–molecule interaction can be attributed to the short-range interactions, the potential energy induced by them is inversely proportional to the distance 1/r6~1/r2, and the influence range of such interactions is relatively short. Therefore, to accurately describe the thermodynamic properties of the electrolyte solution, the model needs to consider the effects of the above interactions. Currently, the main idea of Gex model building is to combine the equations expressing the long-range electrostatic interactions and short-range interactions, i.e., the long-range term and the short-range term, respectively. Robinson and Stokes (1970) state that long-range interactions predominate mainly in low-concentration electrolyte solutions, while short-range interactions predominate in high-concentration electrolyte solutions. The eMIVM model, i.e., MIVM [44], is used to express the short-range interaction term for electrolyte solutions, and the Pitzer–Debye–Hückel model is used to express the long-range electrostatic interaction term. The eMIVM-ET model improves on the eMIVM model by expressing the short-range interaction terms so that the eMIVM-ET model requires only two characterization parameters for a single electrolyte, does not require the ion molar-volume parameter and focuses more on the short-range ion–molecule and molecule–molecule interactions.



Since the MIVM is a symmetric model based on a symmetric reference state, in order to incorporate the PDH equations the MIVM is transformed into an asymmetric reference, i.e., an infinite dilution is used as the reference state. Therefore, the asymmetric molar excess Gibbs free energy of eMIVM is expressed as:


   G m  e  x ∗  , e M I V M   =  G m  e  x ∗  , P D H   +  G m  e  x ∗  , M I V M    



(1)




where the asterisk  ∗  represents asymmetry; the excess Moore Gibbs free energy expression for the PDH equation is    G m  e  x ∗  , P D H    ; and the excess Moore Gibbs free energy expression for the MIVM equation is    G m  e  x ∗  , M I V M    .



2.1. Long-Range Terms


The excess Moore Gibbs energy expression for the long-range term is given by [41,45]:


     G m  e  x ∗  , P D H     R T   = − (   ∑ i    x i    )   (   1000    M S    )   1 / 2   (   4  A Φ   I x   ρ  ) ln ( 1 + ρ  I x  1 / 2   )  



(2)




where  i  is the solution component;    x i    is the mole fraction of the component;    A Φ    is the Debye–Hückel parameter, and at 298.15 K,    A Φ    = 0.3915 (kg1/2·mol1/2);  T  is the absolute temperature;    M S    is the molecular weight of the solvent;  ρ  is the ion closest-distance parameter, and Pitzer found that  ρ  taken as 14.9 gives better calculations; and    I x    is the ionic strength in terms of the mole fraction of the ion:


   I x  =  1 2    ∑ i    z i 2   x i     



(3)







The expression for the ionic coefficients of the activity coefficient equation for the PDH long-range term is:


  ln  γ i  ∗ , P D H   = −  A ϕ  (   1000    M s    )     2  z i 2   ρ  ln   1 + ρ  I x   1 2      +    z i 2   I x   1 2    − 2  I x   3 2      1 + ρ  I x   1 2         



(4)







   z i    is the charge number, and for solvent molecules    z i  = 0   the molecular activity coefficient expression is:


  ln  γ s  P D H   = −  A ϕ    (   1000    M s    )    1 2      2  A ϕ   I x   3 2      1 + ρ  I x   1 2       



(5)








2.2. eMIVM Short-Range Items


The excess Moore Gibbs energy expression for the eMIVM short-range term is given by [40]:


     G m  e x , M I V M     R T   = −  1 2        ∑ s    Z s   x s        ∑ j    x j   B  j s   ln  B  j s         ∑ k    x k   B  k s           +   ∑ c    Z c   x c    ∑   a ′          x   a ′        ∑   a  ″       x   a  ″                   ∑ j    x j   B  j c ,  a ′  c   ln  B  j c ,  a ′  c         ∑ k    x k   B  k c ,  a ′  c           +   ∑ a    Z a   x a    ∑   c ′          x   c ′        ∑   c  ″       x   c  ″                   ∑ j    x j   B  j a ,  c ′  a   ln  B  j a ,  c ′  a         ∑ k    x k   B  k a ,  c ′  a           +   ∑ s    x s  ln      V  m s      ∑   x k   B  k s    V  m k            



(6)




where the B parameter is the only adjustable parameter of the model;    V  m i     is the molar volume of the particles (    cm  3  ⋅   mol   − 1    ); and    Z i    is the coordination number of the particles, when the coordination number is 10. The minimum deviation value can be obtained for most electrolyte systems, so in this study the coordination number of the particles are all taken as 10. j and k represent all the particles, c represents the cations and a represents the anions; as can be seen from Equation (6), the right-hand side of the equation contains an energy term and a volume term. The energy term is used to express the interactions between the particles (enthalpy), and the volume term is used to express the number of microstates of the particles’ configurations (entropy).



Based on the relationship between molar and partial-molar quantities at constant temperature and pressure:


      G ¯  i  e x   = R T ln  γ i  =      ∂   n  G m  e x       ∂  n i       T , p ,  n  j ≠ i         =  G m  e x   +      ∂  G m  e x     ∂  x i       T , p ,  x  k ≠ i     −   ∑  j = 1   C − 1     x j      ∂  G m  e x     ∂  x j             ∂  G m  e x     ∂  x i       T , p ,  x  k ≠ j        



(7)







The activity coefficient equations for each particle can be obtained by Equations (6) and (7). For molecules:


    ln  γ s  M I V M   = −  1 2       Z s      ∑ j    x j   B  j s   ln  B  j s         ∑ k    x k   B  k s       +   ∑   s ′      Z   s ′       x   s ′     B  s  s ′        ∑ k    x k   B  k s         ln  B  s  s ′    −     ∑ k    x k   B  k  s ′    ln  B  k  s ′          ∑ k    x k   B  k  s ′                +   ∑ c    Z c    ∑   a ′          x   a ′        ∑   a ″      x   a ″             x c   B  s c ,  a ′  c       ∑ k    x k   B  k c ,  a ′  c         ln  B  s c ,  a ′  c   −     ∑ k    x k   B  k c ,  a ′  c   ln  B  k c ,  a ′  c         ∑ k    x k   B  k c ,  a ′  c                 +   ∑ a    Z a    ∑   c ′          x   c ′        ∑   c ″      x   c ″             x a   B  s a ,  c ′  a       ∑ k    x k   B  k a ,  c ′  a         ln  B  s a ,  c ′  a   −     ∑ k    x k   B  k a ,  c ′  a   ln  B  k a ,  c ′  a         ∑ k    x k   B  k a ,  c ′  a                     + ln      V  m s       ∑ k    x k   B  k s    V  m k         +   ∑   s ′      x   s ′      1 −    B  s  s ′     V  m s       ∑ k    x k   B  k  s ′     V  m k              



(8)







For cations:


    ln  γ c  M I V M   = −  1 2       Z c    ∑   a ′          x   a ′        ∑   a ″      x   a ″                ∑ k    x k   B  k c ,  a ′  c   ln  B  k c ,  a ′  c         ∑ k    x k   B  k c ,  a ′  c           +   ∑ s    Z s     x s   B  c s       ∑ k    x k   B  k s           ln  B  c s   −     ∑ k    x k   B  k s   ln  B  k s         ∑ k    x k   B  k s             +   ∑ a    Z a    ∑   c ′          x   c ′        ∑   c ″      x   c ″             x a   B  c a ,  c ′  a       ∑ k    x k   B  k a ,  c ′  a             ln  B  c a ,  c ′  a   −     ∑ k    x k   B  k a ,  c ′  a   ln  B  k a ,  c ′  a         ∑ k    x k   B  k a ,  c ′  a                 +   ∑ s    x s      1 −    B  c s    V  m c       ∑ k    x k   B  k s    V  m k            



(9)







For anions:


    ln  γ a  M I V M   = −  1 2       Z a    ∑   a ′          x   c ′        ∑   c ″      x   c ″                ∑ k    x k   B  k a ,  c ′  a   ln  B  k a ,  c ′  a         ∑ k    x k   B  k a ,  c ′  a           +   ∑ s    Z s     x s   B  a s       ∑ k    x k   B  k s           ln  B  a s   −     ∑ k    x k   B  k s   ln  B  k s         ∑ k    x k   B  k s             +   ∑ c    Z c    ∑   a ′          x   a ′        ∑   a ″      x   a ″             x c   B  a c ,  a ′  c       ∑ k    x k   B  k c ,  a ′  c             ln  B  a c ,  a ′  c   −     ∑ k    x k   B  k c ,  a ′  c   ln  B  k c ,  a ′  c         ∑ k    x k   B  k c ,  a ′  c                 +   ∑ s    x s      1 −    B  a s    V  m a       ∑ k    x k   B  k s    V  m k            



(10)








2.3. eMIVM-ET Short-Range Items


The eMIVM-ET model improves on the eMIVM model in that the long-range term of both models is the Pitzer–Debye–Hückel equation, with the main difference being that the expressions for the short-range interactions are different. Compared to eMIVM, eMIVM-ET requires only two characteristic parameters for a single electrolyte and does not require ion molar-volume parameters.



Generalization of the eMIVM-ET [42,43] short-range term:


    g = −   2  G m  e x     R T   =   ∑  i = 1  L    Z   c i     x   c i      ∑  k = 1  L      x   a k        ∑  n = 1  L    x   a n              ∑  l = 1  L    x   a l     B   a l   c i  ,  a k   c i      ln  B   a l   c i  ,  a k   c i    +   ∑  j = 1  J    x   s j     B   s j   c i  ,  a k   c i    ln  B   s j   c i  ,  a k   c i          ∑  l = 1  L    x   a l     B   a l   c i  ,  a k   c i      +   ∑  j = 1  J    x   s j     B   s j   c i  ,  a k   c i                  +   ∑  i = 1  L    Z   a i     x   a i      ∑  k = 1  L      x   c k        ∑  n = 1  L    x   c n              ∑  l = 1  L    x   c l     B   c l   a i  ,  c k   a i      ln  B   c l   a i  ,  c k   a i    +   ∑  j = 1  J    x   s j     B   s j   a i  ,  c k   a i      ln  B   s j   a i  ,  c k   a i        ∑  l = 1  L    x   c l     B   c l   a i  ,  c k   a i      +   ∑  j = 1  J    x   s j     B   s j   a i  ,  c k   a i                  +   ∑  j = 1  J    Z   s j     x   s j          ∑  l = 1  L   (  x   c l     B   c l   s j  ,  s j   s j    ln  B   c l   s j  ,  s j   s j    +  x   a l     B   a l   s j  ,  s j   s j    ln  B   a l   s j  ,  s j   s j    )   +   ∑  t = 1  J    x   s t     B   s t   s j  ,  s j   s j    ln  B   s t   s j  ,  s j   s j          ∑  l = 1  L    x   c l     B   c i   s j  ,  s j   s j      +   ∑  l = 1  L    x   a l     B   a l   s j  ,  s j   s j      +   ∑  t = 1  J    x   s t     B   s t   s j  ,  s j   s j               



(11)







In Equation (11) L = 2, J = 1; B is the binary parameter to be fitted, where    B  a k     and    B  c k     are denoted, respectively, as:


   B  a k   =    x   a k        ∑  n = 1  L    x   a n        ,  B  c k   =    x   c k        ∑  n = 1  L    x   c n        ;  



(12)







   B   c l   s j  ,  s j      and    B   a l   s j  ,  s j      are denoted as:


   B   c l   s j  ,  s j    =     ∑  l = 1  L    z   a l     x   a l     B  c  a l  ,  s j          ∑  l = 1  L    z   a l     x   a l        ,  B   a l   s j  ,  s j    =     ∑  l = 1  L    z   c l     x   c l     B  a  c l  ,  s j          ∑  l = 1  L    z   c l     x   c l         



(13)







According to the equation for the relationship between the partial molarity and the molarity [46]:


     g ¯   i  = g +       ∂ g   ∂  x i        k ≠ i , C   −     ∑  j = 1   C − 1        ∂ g   ∂  x j          k ≠ i , C    



(14)







Here,    x c  = 1 −   ∑  j = 1   C − 1     x j     , C = 2L + J, C = 2L + J, C = 5,    x   s 1    = 1 −  x   c 1    −  x   c 2    −  x   a 1    −  x   a 2      is chosen as the dependent variable.



The expression for the activity coefficient of the short-range term of eMIVM-ET is given below.



For the molecule:


  ln  γ s  M I V M   = −  1 2        ∑  i = 1  L    Z   c i     x   c i      ∑  k = 1  L    B  a k         ∑  l = 1  L    x   a l     B   a l   c i  ,  a k   c i     B   s J   c i  ,  a k   c i    ln    B   s J   c i  ,  a k   c i       B   a l   c i  ,  a k   c i                ∑  l = 1  L    x   a l     B   a l   c i  ,  a k   c i    +  x   S J     B   s J   c i  ,  a k   c i         2              +   ∑  i = 1  L    Z   a i     x   a i      ∑  k = 1  L    B  c k         ∑  l = 1  L    x   c l     B   c l   a i  ,  c k   a i     B   s J   a i  ,  c k   a i    ln    B   s J   a i  ,  c k   a i       B   c l   a i  ,  c k   a i                ∑  l = 1  L    x   c l     B   c l   a i  ,  c k   a i    +  x   S J     B   s J   a i  ,  c k   a i         2              +   ∑  t = 1  J    Z   s J     x   s J          ∑  l = 1  L      x   a l     B   a l   s J  ,  s J     B   s t   s J  ,  s J    ln    B   s t   s J  ,  s J       B   a l   s J  ,  s J      +  x   c l     B   c l   s J  ,  s J     B   s t   s J  ,  s J    ln    B   s t   s J  ,  s J       B   c l   s J  ,  s J                  ∑  l = 1  L    x   c l     B   c i   s J  ,  s J    +   ∑  l = 1  L    x   a l     B   a l   s J  ,  s J      +   ∑  t = 1  J    x   s t     B   s t   s J  ,  s J           2            +  Z   s J          ∑  l = 1  L      x   c l     B   c l   s J  ,  s J    ln  B   c l   s J  ,  s J    +  x   a l     B   a l   s J  ,  s J    ln  B   a l   s J  ,  s J      +   ∑  t = 1  J    x   s t     B   s t   s J  ,  s J    ln  B   s t   s J  ,  s J            ∑  l = 1  L    x   c l     B   c i   s J  ,  s J    +   ∑  l = 1  L    x   a l     B   a l   s J  ,  s J      +   ∑  t = 1  J    x   s t     B   s t   s J  ,  s J                 



(15)







For cations:


  ln  γ c  M I V M   = −  1 2       z c    ∑  k = 1  L    B  a k         ∑  l = 1  L    x   a l     B   a l  c ,  a k  c   +  x   s J     B   s J   c ,  a k  c    ln  B   s J  c ,  a k  c         ∑  l = 1  L    x   a l     B   a l  c ,  a k  c   +  x   s J     B   s J  c ,  a k  c               +   ∑  i = 1  L    z   a i     x   a i         x   s J     B  c  a i  ,  c  a i      B   s J   a i  ,  c  a i     ln    B  c  a i  ,  c  a i        B   s J   a i  ,  c  a i              x c   B  c  a i  ,  c  a i     +  x   s J     B   s J   a i  , c  a i       2            +   ∑  t = 1  J    z   s J     x   s J          ∑  l = 1  J    x   a l     B   a l   s J  ,  s J     B  c  s J  ,  s J    ln    B  c  s J  ,  s J       B   a l   s J  ,  s J      +  x   s t     B  c  s J  ,  s J     B   s t   s J  ,  s J    ln    B  c  s J  ,  s J       B   s t   s J  ,  s J               x c   B  c  s J  ,  s J    +  x   s t     B   s t   s J  ,  s J    +   ∑  l = 1  L    x   a l     B   a l   s J  ,  s J         2             



(16)







For anions:


  ln  γ a  M I V M   = −  1 2       z a    ∑  k = 1  L    B  c k         ∑  l = 1  L    x   c l     B   c l  a ,  c k  a   +  x   s J     B   s J   a ,  c k  a    ln  B   s J  a ,  c k  a         ∑  l = 1  L    x   c l     B   c l  a ,  c k  a   +  x   s J     B   s J  a ,  c k  a               +   ∑  i = 1  L    z   c i     x   c i         x   s J     B  a  c i  ,  a  c i      B   s J   c i  ,  a  c i     ln    B  a  c i  ,  a  c i        B   s J   c i  ,  a  c i              x a   B  a  c i  ,  a  c i     +  x   s J     B   s J   c i  , a  c i       2            +   ∑  t = 1  J    z   s J     x   s J          ∑  l = 1  J    x   c l     B   c l   s J  ,  s J     B  a  s J  ,  s J    ln    B  a  s J  ,  s J       B   c l   s J  ,  s J      +  x   s t     B  a  s J  ,  s J     B   s t   s J  ,  s J    ln    B  a  s J  ,  s J       B   s t   s J  ,  s J               x a   B  a  s J  ,  s J    +  x   s t     B   s t   s J  ,  s J    +   ∑  l = 1  L    x   c l     B   c l   s J  ,  s J         2             



(17)







The binary expansion of the eMIVM-ET model has two adjustable parameters,    B  c a , s     and    B  s , c a    , and has the following relationship:


   B  a s   =  B  c s   =  B  c a , s    



(18)






   B  s a , c a   =  B  s c , a c   =  B  s , c a    



(19)







An expression for the average ionic activity coefficient of the electrolyte:


  ln  γ ± ∗  =  1 ν     ν c  ln  γ c ∗  +  ν a  ln  γ a ∗     



(20)







In Equation (20),    γ ± ∗    is the average activity coefficient in units of mole fraction;    v c    represents the number of cations in the electrolyte,    v a    represents the number of anions in the electrolyte, and   v =  v a  +  v c   . Since most of the experimental data are in units of mass molar concentration, a transformation of Equation (20) is required to transform the average ion activity coefficient    γ  ± x  ∗    in units of mole fraction to the average ion activity coefficient    γ  ± m  ∗    in units of mass molar concentration:


  ln  γ  ± m  ∗  = ln  γ  ± x  ∗  − ln ( 1 + 0.001  M s    ∑ i    m i    )  



(21)







In addition, the expression for the osmotic coefficient of the multicomponent system is given by:


  Φ = −     1000    M s    ∑ i    m i        ln    x s   γ s     



(22)








2.4. Radii and Molar Volumes of Ions in Aqueous Solution


The molar volume of ions can be calculated by the following equation [47]:


   V  m i   =     4 π  N A   3     r i 3  = 2522.5  r i 3   



(23)




where    N A    is Avogadro’s constant;    r i    (nm) is the radius of the ion in aqueous solution, and the value of    r i    (nm) is independent of temperature. Its values are listed in Table 1.





3. Results and Comparison


3.1. Activity-Coefficient Fitting


The binary parameters fitted to the activity coefficient calculations and the deviations and relative errors of the activity coefficient calculations for eMIVM-ET and eMIVM in aqueous solutions containing monoelectrolytes of Rb+ and organic solutions containing monoelectrolytes of Rb+ are presented in Table 2, Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8.



The binary parameters for aqueous monoelectrolyte solutions containing Rb+, fitted by both the eMIVM-ET and eMIVM models, are presented in Table 2, Table 3 and Table 4. Specifically, Table 2 and Table 3 display the binary parameters fitted by the eMIVM-ET and eMIVM models in aqueous solutions of single electrolytes containing Rb+ at various temperatures and concentrations. In addition, Table 4 provides the binary parameters fitted by both models in organic solutions of monoelectrolytes containing Rb+.



Observing Table 2, it is evident that the disparity between the binary parameters fitted for the same system at different temperatures is minimal. This suggests that temperature has a negligible impact on the binary parameters fitted by both models. Observing Table 3, it can be seen that the pattern presented for the same system is that Bca,s is greater in the low-concentration solution than in the high-concentration solution, and Bs,ca is greater in the high-concentration solution than in the low-concentration solution.



The deviations and relative errors calculated for the eMIVM-ET and eMIVM models in aqueous-monoelectrolyte versus organic-monoelectrolyte solutions containing Rb+ are given in Table 5, Table 6, Table 7 and Table 8. From the results of the deviations and relative errors, it can be seen that (1) the effect of temperature on the activity coefficient is not significant at different temperatures for the same system; (2) lower-concentration solutions exhibit more minor average deviations and average relative errors within the same system than higher-concentration solutions. In other words, a lower concentration corresponds to a more accurate fitting effect; (3) in aqueous electrolyte solutions, the eMIVM model outperforms the eMIVM-ET model, demonstrating superior accuracy in calculating the average bias and relative error of activity coefficients; and (4) in organic electrolyte solutions, the eMIVM-ET model is slightly better than the eMIVM at calculating the activity coefficients’ average bias and relative error. In aqueous single-electrolyte solutions, both the eMIVM-ET model and the eMIVM model calculate the bias of the activity coefficient. The eMIVM model yields deviations of 0.0078 and 0.0039 with relative errors of 1.06% and 0.59%, respectively. In organic electrolyte solutions, the eMIVM-ET and eMIVM models produce deviations of 0.0011 and 0.0012 with relative errors of 1.33% and 1.49%, respectively. In summary, the eMIVM model is applicable to aqueous monoelectrolyte solutions containing Rb+, and the eMIVM-ET model is applicable to organic monoelectrolyte solutions containing Rb+.




3.2. Osmotic-Coefficient Fitting


The binary parameters fitted in the osmotic-coefficient calculations and the deviations and relative errors of the osmotic-coefficient calculations for eMIVM-ET and eMIVM in aqueous and organic solutions containing Rb+ monoelectrolytes and monoelectrolytes, respectively, are presented in Table 9, Table 10, Table 11, Table 12 and Table 13.



The binary parameters fitted by the eMIVM-ET and eMIVM models in aqueous monoelectrolyte solutions containing Rb+ are given in Table 9. Table 10 gives the binary parameters fitted by the eMIVM-ET and eMIVM models in organic solutions of a single electrolyte containing Rb+. Table 9 gives the binary parameters fitted by the eMIVM-ET and eMIVM models in aqueous solutions of single electrolytes containing Rb+ at different concentrations.



The deviations and relative errors calculated for the eMIVM-ET and eMIVM models in aqueous monoelectrolyte solutions containing Rb+ versus organic monoelectrolyte solutions are given in Table 11, Table 12 and Table 13. The results of bias and relative error show that (1) for the same system, the average bias and average relative error are more negligible in the low-concentration solution than in the high-concentration solution. That is, the lower the concentration, the better the fitting effect; (2) in aqueous electrolyte solutions, the eMIVM model is slightly better than eMIVM-ET in its ability to calculate the mean deviation and relative error of the osmotic coefficients; and (3) in organic electrolyte solutions, the eMIVM-ET model is slightly better than eMIVM in its ability to calculate the mean deviation and relative error of the osmotic coefficients. In aqueous monoelectrolyte solutions, the eMIVM-ET model and the eMIVM model calculated deviations of 0.0039 and 0.0038, with relative errors of 0.38% and 0.38%, respectively. In organic electrolyte solutions, the eMIVM-ET and eMIVM models calculated deviations of 0.0047 and 0.0048, with relative errors of 0.48% and 0.48%, respectively, which were minimal differences. In summary, the eMIVM model is applicable to aqueous monoelectrolyte solutions containing Rb+, and the eMIVM-ET model is applicable to organic monoelectrolyte solutions containing Rb+.



Figure 1, Figure 2 and Figure 3 Fitting effects of a single electrolyte containing Rb+ in different solutions. Figure 1 shows histograms of the relative errors of the fitted activity coefficient and osmotic coefficient of the eMIVM and eMIVM-ET models in aqueous solutions containing Rb+ single electrolytes. Figure 2 shows line plots of the relative errors of the fitted activity coefficient and osmotic coefficient of the eMIVM and eMIVM-ET models in aqueous solutions containing different concentrations of Rb+ monoelectrolytes. Figure 3 shows radar plots of the relative error lines of the fitted activity coefficient and osmotic coefficient of the eMIVM and eMIVM-ET models in solutions containing Rb+ organic electrolytes. From the bar graphs it is clear that most of the orange plots are lower than the blue plots, which shows that the eMIVM model fits better in aqueous electrolyte solutions then. From the line graph, it can be seen that for the same model, the lines with high concentration are completely higher than the lines with low concentration, thus it can be seen that for the same system, the lower the concentration, the better the fitting effect. From the radar plot, it can be seen that the yellow part is basically contained within the red part in the blue background, and the smaller area of the colour block indicates a better fit, thus it can be seen that the eMIVM-ET model fits better than the eMIVM model in the organic electrolyte solution.




3.3. Model Predictions


The activity coefficients and osmotic coefficients of the three-component system containing the Rb+ two-electrolyte solution were predicted based on the basic parameters fitted to the binary system data, which led to further comparisons of the predictive ability of the models. From Table 14, it can be seen that the average standard deviation of the eMIVM-ET model is reduced by 0.0685, and the average relative error is reduced by 11.9% compared to the eMIVM model in the prediction of the activity of the two-electrolyte solutions. As shown in Table 15, the average standard deviation of the eMIVM-ET model was reduced by 0.0348, and the average relative error was reduced by 4.4% compared to the eMIVM model in the prediction of osmotic coefficients of the two-electrolyte solutions. Therefore, the eMIVMET model can be used as a worthy model in predicting the activity coefficients and osmotic coefficients of two-electrolyte solutions.



Figure 4 and Figure 5 show relative error plots of the eMIVM and eMIVM-ET model fitted to activity coefficient and osmotic coefficient in two electrolyte solutions containing Rb+. It is clear from Figure 4 that the yellow plots are closer to the blue plots compared to the red plots, using the blue plots as a standard, which indicates that the eMIVM-ET model is closer to the experimental data. Figure 5 clearly shows that the red plots are closer to the blue plots than the black plots using the blue plots as the standard, which indicates that the eMIVM-ET model is closer to the experimental data. It can be seen that in the prediction of the activity coefficient and osmotic coefficient of the two electrolyte solutions, the eMIVM-ET model is better than the eMIVM model.





4. Conclusions


	
In fitting activity and osmotic coefficients to single-electrolyte solutions containing Rb+, the eMIVM-ET model outperforms the eMIVM model in organic electrolyte solutions. In contrast, the eMIVM model fits better in aqueous electrolyte solutions.



	
In the case of the monoelectrolyte solution of Rb+, there is minimal variation in the results of binary parameter fitting for the same system at different temperatures. This suggests that the accuracy of predictions remains unaffected by temperature.



	
In the fitting of activity coefficients and osmotic coefficients of electrolyte solutions for the same system, the average deviation and the average relative error are more minor in low-concentration solutions than in high-concentration solutions; i.e., the lower the concentration, the better the fit.



	
In predicting activity coefficients and osmotic coefficients of two-electrolyte solutions, the prediction of the eMIVM-ET model is better than that of the eMIVM model. These calculations can provide alternative models for the future prediction of the thermodynamics of multi-component systems for better guidance for industrial production.
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Figure 1. (a,b) show histograms of relative errors in fitting-activity coefficients and osmotic coefficients for the eMIVM and eMIVM-ET models in aqueous solutions containing Rb+ mono-electrolyte. 






Figure 1. (a,b) show histograms of relative errors in fitting-activity coefficients and osmotic coefficients for the eMIVM and eMIVM-ET models in aqueous solutions containing Rb+ mono-electrolyte.
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Figure 2. (a,b) show the relative-error-line plots of the fitted-activity coefficients and osmotic coefficients of the eMIVM and eMIVM-ET models in aqueous solutions containing different concentrations of mono-electrolytes of Rb+. 
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Figure 3. (a,b) show the radar plots of the relative error lines of the fitted-activity coefficients and osmotic coefficients of the eMIVM and eMIVMET models in Rb+ organic electrolytecontaining solutions. 






Figure 3. (a,b) show the radar plots of the relative error lines of the fitted-activity coefficients and osmotic coefficients of the eMIVM and eMIVMET models in Rb+ organic electrolytecontaining solutions.



[image: Metals 14 00245 g003]







[image: Metals 14 00245 g004a][image: Metals 14 00245 g004b] 





Figure 4. (a–g) show the RbF-RbCl-H2O system, RbF-RbBr-H2O system, RbF-RbNO3-H2O system, RbF-Rb2SO4-H2O system, RbCl-Rb2SO4-CH3OH-H2O system, RbCl-Rb2SO4-H2O and RbCl-RbNO3-H2O system, respectively. Relative error plots for activity-coefficient fitting are shown. 






Figure 4. (a–g) show the RbF-RbCl-H2O system, RbF-RbBr-H2O system, RbF-RbNO3-H2O system, RbF-Rb2SO4-H2O system, RbCl-Rb2SO4-CH3OH-H2O system, RbCl-Rb2SO4-H2O and RbCl-RbNO3-H2O system, respectively. Relative error plots for activity-coefficient fitting are shown.
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Figure 5. (a–g) show the RbF-RbCl-H2O system, RbF-RbBr-H2O system, RbF-RbNO3-H2O system, RbF-Rb2SO4-H2O system, RbCl-Rb2SO4-CH3OH-H2O system, RbCl-Rb2SO4-H2O and RbCl-RbNO3-H2O system, respectively. Relative error plots for osmotic coefficient fitting are shown. 
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Table 1. The radius and molar volume of ions.






Table 1. The radius and molar volume of ions.





	Ion Name
	Ionic Radius (mm)
	Ionic Molar Volume
	Ion Name
	Ionic Radius (mm)
	Ionic Molar Volume





	H+ [48]
	0.030
	0.0681
	SO42− [48]
	0.230
	30.6913



	Na+ [48]
	0.102
	2.6769
	NO2− [48]
	0.192
	17.8500



	Ag+ [48]
	0.115
	3.8400
	NO3− [48]
	0.179
	14.4700



	Au3+ [48]
	0.085
	1.5491
	AC− [48]
	0.232
	31.4989



	Tl+ [49]
	0.150
	8.5134
	ClO4− [48]
	0.240
	34.8700



	Ga3+ [49]
	0.062
	0.6012
	S2O82− [50]
	0.300
	68.1075



	Au+ [49]
	0.137
	0.6012
	ReO4− [48]
	0.280
	55.3739



	Sc3+ [49]
	0.073
	0.9813
	I− [49]
	0.220
	26.8596



	In3+ [49]
	0.088
	0.7190
	Cl− [50]
	0.181
	14.9577



	Rb+ [50]
	0.149
	8.3443
	F− [48]
	0.133
	5.9345



	Cd2+ [50]
	0.095
	2.1627
	Br− [48]
	0.196
	18.9933










 





Table 2. B parameters fitted by eMIVM-ET and eMIVM activity coefficient at different temperatures (aqueous electrolyte solution).






Table 2. B parameters fitted by eMIVM-ET and eMIVM activity coefficient at different temperatures (aqueous electrolyte solution).





	
System

	
T/K

	
eMIVM-ET

	
eMIVM




	
     B  c a , s      

	
     B  s , c a      

	
     B  c a , s      

	
     B  s , c a      






	
RbCl + H2O [51]

	
283.15

	
1.9176

	
0.2870

	
2.5368

	
0.1546




	
RbCl + H2O [51]

	
298.15

	
1.9505

	
0.2718

	
2.5171

	
0.1558




	
RbCl + H2O [51]

	
313.15

	
1.9532

	
0.2706

	
2.8119

	
0.1222




	
RbCl + H2O [51]

	
328.15

	
1.9606

	
0.2672

	
2.5571

	
0.1503




	
RbCl + H2O [51]

	
343.15

	
1.9678

	
0.2640

	
2.5936

	
0.1457




	
Rb2SO4 + H2O [52]

	
298.15

	
2.1411

	
0.1973

	
2.2380

	
0.1674




	
Rb2SO4 + H2O [52]

	
323.15

	
2.0848

	
0.2184

	
2.2402

	
0.1711











 





Table 3. B parameters fitted by eMIVM-ET and eMIVM activity coefficient at 298.15 T (aqueous electrolyte solution of different concentrations).






Table 3. B parameters fitted by eMIVM-ET and eMIVM activity coefficient at 298.15 T (aqueous electrolyte solution of different concentrations).





	
System

	
eMIVM-ET

	
eMIVM

	
m-mol·kg−1




	
     B  c a , s      

	
     B  s , c a      

	
     B  c a , s      

	
     B  s , c a      






	
RbCl + H2O [53]

	
0.2024

	
1.3813

	
2.2381

	
0.1988

	
0.0001–7.8




	
RbCl + H2O [53]

	
2.0179

	
0.2426

	
3.4190

	
0.0830

	
0.0001–0.1




	
RbCl + H2O [53]

	
1.5475

	
0.5157

	
2.2381

	
0.1988

	
0.1–7.8




	
RbF + H2O [53]

	
1.7581

	
0.4049

	
2.2347

	
0.2258

	
0.001–3.5




	
RbF + H2O [53]

	
1.6892

	
0.4124

	
3.5520

	
0.0804

	
0.001–0.1




	
RbF + H2O [53]

	
1.7560

	
0.4082

	
2.2343

	
0.2259

	
0.1–3.5




	
RbBr + H2O [53]

	
0.1771

	
1.3503

	
2.1714

	
0.2085

	
0.0001–5




	
RbBr + H2O [53]

	
2.0273

	
0.2387

	
3.3755

	
0.0842

	
0.0001–0.1




	
RbBr + H2O [53]

	
0.1815

	
1.3576

	
2.1713

	
0.2085

	
0.1–5




	
RbI + H2O [53]

	
0.1780

	
1.3523

	
2.1358

	
0.2087

	
0.0001–5




	
RbI + H2O [53]

	
2.0220

	
0.2408

	
3.2895

	
0.0869

	
0.0001–0.1




	
RbI + H2O [53]

	
0.1838

	
1.3618

	
2.1356

	
0.2088

	
0.1–5




	
RbNO2 + H2O [54]

	
2.0351

	
0.2395

	
2.1500

	
0.1992

	
0.1–7




	
RbNO3 + H2O [53]

	
2.1925

	
0.1784

	
1.9814

	
0.2145

	
0.001–4.5




	
RbNO3 + H2O [53]

	
2.2047

	
0.1750

	
3.6434

	
0.0698

	
0.001–0.1




	
RbNO3 + H2O [53]

	
2.1944

	
0.1772

	
1.9810

	
0.2146

	
0.1–4.5




	
RbC2H3O2 + H2O [55]

	
0.4716

	
1.8612

	
2.3478

	
0.1938

	
0.1–3.5




	
Rb2SO4 + H2O [55]

	
2.1153

	
0.2043

	
1.8958

	
0.2491

	
0.1–1.8




	
Rb2S2O8 + H2O [56]

	
2.3887

	
0.1252

	
4.5748

	
0.0358

	
0.001–0.075











 





Table 4. B parameters fitted by eMIVM-ET and eMIVM activity coefficient at 298.15 T (organic electrolyte solution).






Table 4. B parameters fitted by eMIVM-ET and eMIVM activity coefficient at 298.15 T (organic electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM




	
     B  c a , s      

	
     B  s , c a      

	
     B  c a , s      

	
     B  s , c a      






	
RbCl-10%DMA-H2O [57]

	
0.7356

	
1.3457

	
2.1518

	
0.2054




	
RbCl-20%DMA-H2O [57]

	
0.8436

	
1.4786

	
0.7435

	
0.6284




	
RbCl-30%DMA-H2O [57]

	
2.1461

	
0.1947

	
2.2191

	
0.1789




	
RbCl-10%DMF-H2O [58]

	
2.0141

	
0.2442

	
2.0864

	
0.2230




	
RbCl-20%DMF-H2O [58]

	
2.0688

	
0.2228

	
2.2924

	
0.1768




	
RbCl-30%DMF-H2O [58]

	
2.1475

	
0.1947

	
2.5583

	
0.1349




	
RbCl-40%DMF-H2O [58]

	
2.2454

	
0.1638

	
3.0963

	
0.0883




	
RbCl-10%EC-H2O [58]

	
2.0065

	
0.2457

	
1.6307

	
0.3834




	
RbCl-20%EC-H2O [58]

	
2.1170

	
0.2028

	
1.3223

	
0.4768




	
RbCl-30%EC-H2O [58]

	
2.2278

	
0.1674

	
2.0983

	
0.1848




	
RbCl-40%EC-H2O [58]

	
2.2857

	
0.1510

	
2.1443

	
0.1665




	
RbCl-10%EG-H2O [59]

	
2.0524

	
0.2293

	
2.4572

	
0.1552




	
RbCl-20%EG-H2O [59]

	
2.1277

	
0.2015

	
2.5862

	
0.1343




	
RbCl-30%EG-H2O [59]

	
2.1859

	
0.1819

	
2.6739

	
0.1214




	
RbCl-40%EG-H2O [59]

	
2.2330

	
0.1678

	
2.8590

	
0.1032




	
RbCl-10%Glycerol-H2O [60]

	
1.9786

	
0.2601

	
2.5056

	
0.1527




	
RbCl-20%Glycerol-H2O [60]

	
2.0198

	
0.2432

	
2.7230

	
0.1254




	
RbCl-30%Glycerol-H2O [60]

	
2.0456

	
0.2331

	
2.7778

	
0.1192




	
RbCl-40%Glycerol-H2O [60]

	
2.0824

	
0.2192

	
2.9085

	
0.1065




	
RbF-10%EG-H2O [61]

	
1.7084

	
0.4010

	
2.7383

	
0.1360




	
RbF-20%EG-H2O [61]

	
1.9591

	
0.2692

	
3.1232

	
0.0985




	
RbF-30%EG-H2O [61]

	
2.0748

	
0.2204

	
2.5197

	
0.1497




	
RbF-40%EG-H2O [61]

	
2.1222

	
0.2034

	
2.6615

	
0.1301




	
RbCl-5%MeOH-5%EtOH-90%H2O [62]

	
2.1200

	
0.2042

	
2.6436

	
0.1294




	
RbCl-10%MeOH-5%EtOH-85%H2O [62]

	
2.1559

	
0.1920

	
2.7120

	
0.1201




	
RbCl-5%MeOH-10%EtOH-85%H2O [62]

	
2.1651

	
0.1888

	
2.7092

	
0.1198




	
RbCl-10%MeOH-10%EtOH-80%H2O [62]

	
2.2187

	
0.1717

	
2.7664

	
0.1114




	
RbCl-15%MeOH-15%EtOH-70%H2O [62]

	
2.2854

	
0.1527

	
2.8147

	
0.1025




	
RbCl-10%TMU-H2O [63]

	
0.4986

	
1.9717

	
2.8628

	
0.1208




	
RbCl-20%TMU-H2O [63]

	
0.5660

	
2.1894

	
3.0449

	
0.1034




	
RbCl-30%TMU-H2O [63]

	
0.5532

	
2.1619

	
3.0711

	
0.0997




	
RbF-10%Glycine-H2O [62]

	
1.7922

	
0.3815

	
2.0251

	
0.2998




	
RbF-20%Glycine-H2O [62]

	
1.8403

	
0.3650

	
2.0972

	
0.2925




	
RbF-30%Glycine-H2O [62]

	
1.8572

	
0.3591

	
2.1387

	
0.2840




	
RbF-40%Glycine-H2O [62]

	
0.5815

	
2.2265

	
2.1919

	
0.2771




	
RbCl-10%methanol-H2O [64]

	
2.1409

	
0.1981

	
2.3001

	
0.1646




	
RbCl-20%methanol-H2O [64]

	
2.2745

	
0.1555

	
2.3234

	
0.1451




	
RbCl-30%methanol-H2O [64]

	
2.3759

	
0.1305

	
2.4132

	
0.1218




	
RbCl-40%methanol-H2O [64]

	
2.4833

	
0.1081

	
2.9623

	
0.0757








Note: DMA (dimethylacetamide); DMF (dimethylformamide); EC (ethylene carbonate); EG (ethylene glycol); MeOH (methanol); EtOH (methanol); TMU (tetramethylurea).













 





Table 5. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at 298.15 T (aqueous electrolyte solution).






Table 5. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at 298.15 T (aqueous electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbF + H2O [53]

	
0.0083

	
0.0017

	
0.94

	
0.19




	
RbCl + H2O [53]

	
0.0086

	
0.0016

	
1.07

	
0.18




	
RbBr + H2O [53]

	
0.0063

	
0.0021

	
0.77

	
0.24




	
RbI + H2O [53]

	
0.0082

	
0.0023

	
1.02

	
0.27




	
RbNO2 + H2O [53]

	
0.0103

	
0.0122

	
1.54

	
2.11




	
RbNO3 + H2O [53]

	
0.0100

	
0.0041

	
2.07

	
0.69




	
RbC2H3O2 + H2O [55]

	
0.0143

	
0.0072

	
1.32

	
0.71




	
Rb2SO4 + H2O [55]

	
0.0010

	
0.0024

	
0.36

	
0.67




	
Rb2S2O8 + H2O [56]

	
0.0031

	
0.0017

	
0.40

	
0.24




	
Average

	
0.0078

	
0.0039

	
1.06

	
0.59








Note:   S D =      ∑       γ  pre   −  γ  exp      2     N    , A R D =  1 N   ∑       γ  pre   −  γ  exp      γ  exp         × 100 %  .    γ  pre     is the calculated value of the activity coefficient;    γ  exp     is the experimental value of the activity coefficient.













 





Table 6. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at different temperatures (aqueous electrolyte solution).






Table 6. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at different temperatures (aqueous electrolyte solution).





	
System

	
T/K

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbCl + H2O [51]

	
283.15

	
0.0025

	
0.0022

	
0.17

	
0.11




	
RbCl + H2O [51]

	
298.15

	
0.0011

	
0.0007

	
0.11

	
0.07




	
RbCl + H2O [51]

	
313.15

	
0.0013

	
0.0007

	
0.13

	
0.07




	
RbCl + H2O [51]

	
328.15

	
0.0012

	
0.0007

	
0.14

	
0.07




	
RbCl + H2O [51]

	
343.15

	
0.0014

	
0.0007

	
0.15

	
0.07




	
Rb2SO4 + H2O [52]

	
298.15

	
0.0055

	
0.0041

	
1.15

	
0.68




	
Rb2SO4 + H2O [52]

	
323.15

	
0.0089

	
0.0037

	
2.26

	
0.67




	
Average

	

	
0.0031

	
0.0018

	
0.59

	
0.25











 





Table 7. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at different concentrations at 298.15 T (aqueous electrolyte solution).






Table 7. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at different concentrations at 298.15 T (aqueous electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM

	
m-mol·kg−1




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbCl + H2O [53]

	
0.0004

	
0.0002

	
0.04

	
0.02

	
0.0001–0.1




	
RbCl + H2O [53]

	
0.0245

	
0.0016

	
3.43

	
0.19

	
0.1–7.8




	
RbF + H2O [53]

	
0.0020

	
0.0002

	
0.18

	
0.02

	
0.001–0.1




	
RbF + H2O [53]

	
0.0073

	
0.0018

	
0.86

	
0.22

	
0.1–3.5




	
RbBr + H2O [53]

	
0.0004

	
0.0002

	
0.04

	
0.02

	
0.0001–0.1




	
RbBr + H2O [53]

	
0.0033

	
0.0022

	
0.45

	
0.26

	
0.1–5




	
RbI + H2O [53]

	
0.0004

	
0.0002

	
0.04

	
0.02

	
0.0001–0.1




	
RbI + H2O [53]

	
0.0046

	
0.0024

	
0.63

	
0.30

	
0.1–5




	
RbNO3 + H2O [53]

	
0.0008

	
0.0004

	
0.08

	
0.04

	
0.001–0.1




	
RbNO3 + H2O [53]

	
0.0104

	
0.0044

	
2.29

	
0.81

	
0.1–4.5




	
Average

	
0.0054

	
0.0014

	
0.80

	
0.19

	











 





Table 8. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at 298.15 T (organic electrolyte solution).






Table 8. Deviations and relative errors of eMIVM-ET and eMIVM activity-coefficient fitting at 298.15 T (organic electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbCl-10%DMA-H2O [57]

	
0.0014

	
0.0036

	
0.18

	
0.35




	
RbCl-20%DMA-H2O [57]

	
0.0046

	
0.0056

	
0.63

	
0.50




	
RbCl-30%DMA-H2O [57]

	
0.0027

	
0.0073

	
0.35

	
0.65




	
RbCl-10%DMF-H2O [58]

	
0.0013

	
0.0014

	
0.16

	
0.18




	
RbCl-20%DMF-H2O [58]

	
0.0033

	
0.0045

	
0.40

	
0.50




	
RbCl-30%DMF-H2O [58]

	
0.0083

	
0.0092

	
1.05

	
1.16




	
RbCl-40%DMF-H2O [58]

	
0.0118

	
0.0133

	
1.47

	
1.65




	
RbCl-10%EC-H2O [58]

	
0.0077

	
0.0123

	
0.93

	
1.75




	
RbCl-20%EC-H2O [58]

	
0.0091

	
0.0083

	
1.26

	
1.25




	
RbCl-30%EC-H2O [58]

	
0.0049

	
0.0025

	
0.79

	
0.54




	
RbCl-40%EC-H2O [58]

	
0.0064

	
0.0053

	
1.47

	
0.85




	
RbCl-10%EG-H2O [60]

	
0.0039

	
0.0068

	
0.42

	
0.82




	
RbCl-20%EG-H2O [60]

	
0.0041

	
0.0085

	
0.43

	
0.99




	
RbCl-30%EG-H2O [60]

	
0.0058

	
0.0117

	
0.60

	
1.37




	
RbCl-40%EG-H2O [60]

	
0.0077

	
0.0178

	
0.86

	
2.18




	
RbCl-10%Glycerol-H2O [60]

	
0.0071

	
0.0067

	
0.82

	
0.80




	
RbCl-20%Glycerol-H2O [60]

	
0.0121

	
0.0119

	
1.40

	
1.44




	
RbCl-30%Glycerol-H2O [60]

	
0.0129

	
0.0153

	
1.42

	
1.82




	
RbCl-40%Glycerol-H2O [60]

	
0.0162

	
0.0196

	
1.84

	
2.39




	
RbF-10%EG-H2O [61]

	
0.0009

	
0.0031

	
0.08

	
0.34




	
RbF-20%EG-H2O [61]

	
0.0042

	
0.0111

	
0.41

	
1.27




	
RbF-30%EG-H2O [61]

	
0.0020

	
0.0060

	
0.24

	
0.67




	
RbF-40%EG-H2O [61]

	
0.0045

	
0.0135

	
0.57

	
1.53




	
RbCl-5%MeOH-5%EtOH-90%H2O [62]

	
0.0072

	
0.0096

	
0.62

	
1.03




	
RbCl-10%MeOH-5%EtOH-85%H2O [62]

	
0.0103

	
0.0136

	
0.90

	
1.61




	
RbCl-5%MeOH-10%EtOH-85%H2O [62]

	
0.0141

	
0.0143

	
1.32

	
1.49




	
RbCl-10%MeOH-10%EtOH-80%H2O [62]

	
0.0069

	
0.0139

	
0.76

	
1.66




	
RbCl-15%MeOH-15%EtOH-70%H2O [62]

	
0.0090

	
0.0189

	
0.97

	
2.33




	
RbCl-10%TMU-H2O [63]

	
0.0308

	
0.0111

	
3.25

	
1.21




	
RbCl-20%TMU-H2O [63]

	
0.0593

	
0.0221

	
6.05

	
2.35




	
RbCl-30%TMU-H2O [63]

	
0.0641

	
0.0350

	
7.04

	
3.85




	
RbF-10%Glycine-H2O [62]

	
0.0015

	
0.0042

	
0.17

	
0.50




	
RbF-20%Glycine-H2O [62]

	
0.0045

	
0.0101

	
0.47

	
1.17




	
RbF-30%Glycine-H2O [62]

	
0.0079

	
0.0146

	
0.83

	
1.64




	
RbF-40%Glycine-H2O [62]

	
0.0093

	
0.0170

	
0.95

	
1.89




	
RbCl-10%methanol-H2O [64]

	
0.0098

	
0.0124

	
1.18

	
1.85




	
RbCl-20%methanol-H2O [64]

	
0.0087

	
0.0174

	
1.37

	
2.73




	
RbCl-30%methanol-H2O [64]

	
0.0036

	
0.0194

	
1.42

	
3.32




	
RbCl-40%methanol-H2O [64]

	
0.0382

	
0.0275

	
6.78

	
4.62




	
Average

	
0.0110

	
0.0120

	
1.33

	
1.49











 





Table 9. B parameters fitted by eMIVM-ET and eMIVM osmotic coefficient at 298.15 T (aqueous electrolyte solution of different concentrations).






Table 9. B parameters fitted by eMIVM-ET and eMIVM osmotic coefficient at 298.15 T (aqueous electrolyte solution of different concentrations).





	
System

	
eMIVM-ET

	
eMIVM

	
m-mol·kg−1




	
     B  c a , s      

	
     B  s , c a      

	
     B  c a , s      

	
     B  s , c a      






	
RbCl + H2O [53]

	
2.2939

	
0.1923

	
2.2341

	
0.2000

	
0.0001–7.8




	
RbCl + H2O [53]

	
3.4583

	
0.0826

	
3.3332

	
0.0874

	
0.0001–0.1




	
RbCl + H2O [53]

	
2.2939

	
0.1923

	
2.2341

	
0.2000

	
0.1–7.8




	
RbF + H2O [53]

	
2.2101

	
0.2311

	
2.2279

	
0.2278

	
0.001–3.5




	
RbF + H2O [53]

	
3.3213

	
0.0929

	
3.4588

	
0.0849

	
0.001–0.1




	
RbF + H2O [53]

	
2.2098

	
0.2312

	
2.2276

	
0.2278

	
0.1–3.5




	
RbBr + H2O [53]

	
2.2414

	
0.2018

	
2.1542

	
0.2130

	
0.0001–5




	
RbBr + H2O [53]

	
2.1954

	
0.2067

	
2.0092

	
0.2406

	
0.0001–0.1




	
RbBr + H2O [53]

	
2.2413

	
0.2018

	
2.1541

	
0.2130

	
0.1–5




	
RbI + H2O [53]

	
2.2625

	
0.1973

	
2.1163

	
0.2138

	
0.0001–5




	
RbI + H2O [53]

	
3.3268

	
0.0893

	
3.1250

	
0.0963

	
0.0001–0.1




	
RbI + H2O [53]

	
2.2623

	
0.1973

	
2.1162

	
0.2138

	
0.1–5




	
RbNO2 + H2O [54]

	
2.1551

	
0.2079

	
2.0808

	
0.2177

	
0.1–7




	
RbNO3 + H2O [53]

	
1.9492

	
0.2255

	
1.9195

	
0.2292

	
0.001–4.5




	
RbNO3 + H2O [53]

	
3.3983

	
0.0811

	
3.3300

	
0.0828

	
0.001–0.1




	
RbNO3 + H2O [53]

	
1.9489

	
0.2256

	
1.9192

	
0.2293

	
0.1–4.5




	
RbC2H3O2 + H2O [55]

	
2.5781

	
0.1675

	
2.3874

	
0.1845

	
0.1–3.5




	
Rb2SO4 + H2O [55]

	
2.1269

	
0.2019

	
2.0199

	
0.2150

	
0.1–1.8




	
Rb2S2O8 + H2O [56]

	
4.6858

	
0.0382

	
4.3931

	
0.0388

	
0.001–0.075











 





Table 10. B parameters fitted by eMIVM-ET and eMIVM osmotic coefficient at 298.15 T (organic electrolyte solution).






Table 10. B parameters fitted by eMIVM-ET and eMIVM osmotic coefficient at 298.15 T (organic electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM




	
     B  c a , s      

	
     B  s , c a      

	
     B  c a , s      

	
     B  s , c a      






	
RbCl-10%DMA-H2O [57]

	
2.0031

	
0.2418

	
0.3490

	
0.6435




	
RbCl-20%DMA-H2O [57]

	
0.9032

	
0.5049

	
1.3194

	
0.4873




	
RbCl-30%DMA-H2O [57]

	
0.4470

	
0.4084

	
1.8483

	
0.2509




	
RbCl-10%DMF-H2O [58]

	
2.1508

	
0.2128

	
2.1031

	
0.2192




	
RbCl-20%DMF-H2O [58]

	
2.2322

	
0.1911

	
2.1868

	
0.1958




	
RbCl-30%DMF-H2O [58]

	
2.4593

	
0.1505

	
2.4142

	
0.1532




	
RbCl-40%DMF-H2O [58]

	
2.8749

	
0.1053

	
2.8279

	
0.1066




	
RbCl-10%EC-H2O [58]

	
1.6648

	
0.3620

	
1.6281

	
0.3771




	
RbCl-20%EC-H2O [58]

	
1.8270

	
0.2706

	
1.7965

	
0.2764




	
RbCl-30%EC-H2O [58]

	
2.1648

	
0.1769

	
2.1279

	
0.1797




	
RbCl-40%EC-H2O [58]

	
2.1288

	
0.1722

	
2.0948

	
0.1744




	
RbCl-10%EG-H2O [60]

	
2.1476

	
0.2100

	
2.0985

	
0.2165




	
RbCl-20%EG-H2O [60]

	
2.3433

	
0.1679

	
2.2985

	
0.1713




	
RbCl-30%EG-H2O [60]

	
2.3883

	
0.1552

	
2.3453

	
0.1578




	
RbCl-40%EG-H2O [60]

	
2.4896

	
0.1387

	
2.4468

	
0.1407




	
RbCl-10%Glycerol-H2O [60]

	
2.3376

	
0.1829

	
2.2867

	
0.1880




	
RbCl-20%Glycerol-H2O [60]

	
2.5016

	
0.1561

	
2.4513

	
0.1597




	
RbCl-30%Glycerol-H2O [60]

	
2.4451

	
0.1627

	
2.3955

	
0.1666




	
RbCl-40%Glycerol-H2O [60]

	
2.5713

	
0.1445

	
2.5220

	
0.1474




	
RbF-10%EG-H2O [61]

	
1.9811

	
0.2809

	
1.9087

	
0.3105




	
RbF-20%EG-H2O [61]

	
2.5956

	
0.1484

	
2.5885

	
0.1493




	
RbF-30%EG-H2O [61]

	
1.4374

	
0.4217

	
1.0942

	
0.3919




	
RbF-40%EG-H2O [61]

	
1.3732

	
0.2868

	
1.3683

	
0.2859




	
RbCl-5%MeOH-5%EtOH-90%H2O [62]

	
2.3890

	
0.1631

	
2.3433

	
0.1664




	
RbCl-10%MeOH-5%EtOH-85%H2O [62]

	
2.2996

	
0.1715

	
2.2558

	
0.1749




	
RbCl-5%MeOH-10%EtOH-85%H2O [62]

	
2.3358

	
0.1651

	
2.2922

	
0.1682




	
RbCl-10%MeOH-10%EtOH-80%H2O [62]

	
2.3984

	
0.1501

	
2.3563

	
0.1525




	
RbCl-15%MeOH-15%EtOH-70%H2O [62]

	
2.4178

	
0.1396

	
2.3780

	
0.1413




	
RbF-10%Glycine-H2O [62]

	
1.9760

	
0.3101

	
2.0101

	
0.2999




	
RbF-20%Glycine-H2O [62]

	
2.0844

	
0.2815

	
2.0536

	
0.2960




	
RbF-30%Glycine-H2O [62]

	
2.0558

	
0.2937

	
2.0599

	
0.2951




	
RbF-40%Glycine-H2O [62]

	
2.1007

	
0.2869

	
2.0966

	
0.2911











 





Table 11. Deviations and relative errors of eMIVM-ET and eMIVM osmotic coefficient fitting at 298.15 T (aqueous electrolyte solution).






Table 11. Deviations and relative errors of eMIVM-ET and eMIVM osmotic coefficient fitting at 298.15 T (aqueous electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbF + H2O [53]

	
0.0021

	
0.0021

	
0.16

	
0.16




	
RbCl + H2O [53]

	
0.0019

	
0.0014

	
0.17

	
0.13




	
RbBr + H2O [53]

	
0.0012

	
0.0011

	
0.11

	
0.10




	
RbI + H2O [53]

	
0.0011

	
0.0013

	
0.10

	
0.11




	
RbNO2 + H2O [54]

	
0.0111

	
0.0115

	
1.19

	
1.23




	
RbNO3 + H2O [53]

	
0.0043

	
0.0043

	
0.49

	
0.49




	
RbC2H3O2 + H2O [55]

	
0.0055

	
0.0051

	
0.47

	
0.44




	
Rb2SO4 + H2O [55]

	
0.0044

	
0.0044

	
0.52

	
0.51




	
Rb2S2O8 + H2O [56]

	
0.0031

	
0.0030

	
0.22

	
0.22




	
Average

	
0.0039

	
0.0038

	
0.38

	
0.38











 





Table 12. Deviations and relative errors of eMIVM-ET and eMIVM osmotic coefficient fitting at 298.15 T (aqueous electrolyte solution of different concentrations).






Table 12. Deviations and relative errors of eMIVM-ET and eMIVM osmotic coefficient fitting at 298.15 T (aqueous electrolyte solution of different concentrations).





	
System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM

	
m-mol·kg−1




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbCl + H2O [53]

	
0.0002

	
0.0001

	
0.01

	
0.01

	
0.0001–0.1




	
RbCl + H2O [53]

	
0.0020

	
0.0015

	
0.19

	
0.14

	
0.1–7.8




	
RbF + H2O [53]

	
0.0002

	
0.0003

	
0.02

	
0.02

	
0.001–0.1




	
RbF + H2O [53]

	
0.0024

	
0.0024

	
0.19

	
0.19

	
0.1–3.5




	
RbBr + H2O [53]

	
0.0021

	
0.0021

	
0.09

	
0.09

	
0.0001–0.1




	
RbBr + H2O [53]

	
0.0013

	
0.0012

	
0.12

	
0.11

	
0.1–5




	
RbI + H2O [53]

	
0.0001

	
0.0001

	
0.01

	
0.01

	
0.0001–0.1




	
RbI + H2O [53]

	
0.0014

	
0.0014

	
0.12

	
0.12

	
0.1–5




	
RbNO3 + H2O [53]

	
0.0003

	
0.0002

	
0.02

	
0.02

	
0.001–0.1




	
RbNO3 + H2O [53]

	
0.0048

	
0.0048

	
0.59

	
0.60

	
0.1–4.5




	
Average

	
0.0015

	
0.0014

	
0.14

	
0.13

	
-











 





Table 13. Deviations and relative errors of eMIVM-ET and eMIVM osmotic coefficient fitting at 298.15 T (organic electrolyte solution).






Table 13. Deviations and relative errors of eMIVM-ET and eMIVM osmotic coefficient fitting at 298.15 T (organic electrolyte solution).





	
System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbCl-10%DMA-H2O [57]

	
0.0012

	
0.0012

	
0.12

	
0.12




	
RbCl-20%DMA-H2O [57]

	
0.0024

	
0.0050

	
0.24

	
0.48




	
RbCl-30%DMA-H2O [57]

	
0.0028

	
0.0028

	
0.30

	
0.30




	
RbCl-10%DMF-H2O [58]

	
0.0016

	
0.0016

	
0.15

	
0.15




	
RbCl-20%DMF-H2O [58]

	
0.0015

	
0.0015

	
0.14

	
0.14




	
RbCl-30%DMF-H2O [58]

	
0.0039

	
0.0039

	
0.38

	
0.38




	
RbCl-40%DMF-H2O [58]

	
0.0066

	
0.0066

	
0.70

	
0.70




	
RbCl-10%EC-H2O [58]

	
0.0080

	
0.0081

	
0.83

	
0.83




	
RbCl-20%EC-H2O [58]

	
0.0079

	
0.0079

	
0.90

	
0.90




	
RbCl-30%EC-H2O [58]

	
0.0057

	
0.0056

	
0.70

	
0.69




	
RbCl-40%EC-H2O [58]

	
0.0039

	
0.0039

	
0.45

	
0.45




	
RbCl-10%EG-H2O [60]

	
0.0035

	
0.0034

	
0.35

	
0.34




	
RbCl-20%EG-H2O [60]

	
0.0031

	
0.0031

	
0.29

	
0.29




	
RbCl-30%EG-H2O [60]

	
0.0041

	
0.0041

	
0.40

	
0.40




	
RbCl-40%EG-H2O [60]

	
0.0070

	
0.0069

	
0.70

	
0.70




	
RbCl-10%Glycerol-H2O [60]

	
0.0035

	
0.0035

	
0.34

	
0.34




	
RbCl-20%Glycerol-H2O [60]

	
0.0063

	
0.0063

	
0.61

	
0.61




	
RbCl-30%Glycerol-H2O [60]

	
0.0073

	
0.0073

	
0.71

	
0.71




	
RbCl-40%Glycerol-H2O [60]

	
0.0090

	
0.0090

	
0.88

	
0.88




	
RbF-10%EG-H2O [61]

	
0.0011

	
0.0010

	
0.10

	
0.10




	
RbF-20%EG-H2O [61]

	
0.0040

	
0.0040

	
0.39

	
0.39




	
RbF-30%EG-H2O [61]

	
0.0025

	
0.0019

	
0.24

	
0.17




	
RbF-40%EG-H2O [61]

	
0.0040

	
0.0040

	
0.36

	
0.36




	
RbCl-5%MeOH-5%EtOH-90%H2O [62]

	
0.0023

	
0.0023

	
0.22

	
0.22




	
RbCl-10%MeOH-5%EtOH-85%H2O [62]

	
0.0055

	
0.0055

	
0.55

	
0.55




	
RbCl-5%MeOH-10%EtOH-85%H2O [62]

	
0.0054

	
0.0053

	
0.54

	
0.54




	
RbCl-10%MeOH-10%EtOH-80%H2O [62]

	
0.0059

	
0.0058

	
0.60

	
0.60




	
RbCl-15%MeOH-15%EtOH-70%H2O [62]

	
0.0088

	
0.0088

	
0.92

	
0.91




	
RbF-10%Glycine-H2O [62]

	
0.0019

	
0.0019

	
0.19

	
0.19




	
RbF-20%Glycine-H2O [62]

	
0.0048

	
0.0049

	
0.48

	
0.48




	
RbF-30%Glycine-H2O [62]

	
0.0072

	
0.0073

	
0.69

	
0.69




	
RbF-40%Glycine-H2O [62]

	
0.0080

	
0.0080

	
0.76

	
0.76




	
Average

	
0.0047

	
0.0048

	
0.48

	
0.48











 





Table 14. Deviations and relative errors in the prediction of activity coefficient of eMIVM-ET and eMIVM.
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System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbF-RbCl-H2O [65]

	
0.0539

	
0.1737

	
7

	
23




	
RbF-RbBr-H2O [66]

	
0.0924

	
0.2042

	
14

	
29




	
RbF-RbNO3-H2O [66]

	
0.1313

	
0.2245

	
25

	
40




	
RbF-Rb2SO4-H2O [67]

	
0.1203

	
0.1922

	
27

	
39




	
RbCl-Rb2SO4-CH3OH-H2O [68]

	
0.1148

	
0.1387

	
34

	
38




	
RbCl-Rb2SO4-H2O [69]

	
0.1091

	
0.1423

	
37

	
51




	
RbCl-RbNO3-H2O [70]

	
0.0626

	
0.0883

	
14

	
18




	
Average

	
0.0978

	
0.1663

	
23

	
34











 





Table 15. Deviations and relative errors in the prediction of osmotic coefficient of eMIVM-ET and eMIVM.
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System

	
eMIVM-ET

	
eMIVM

	
eMIVM-ET

	
eMIVM




	
SD

	
SD

	
ARD/%

	
ARD/%






	
RbF-RbCl-H2O [65]

	
0.0428

	
0.0833

	
4

	
8




	
RbF-RbBr-H2O [66]

	
0.0393

	
0.2050

	
3

	
21




	
RbF-RbNO3-H2O [66]

	
0.1887

	
0.2757

	
27

	
39




	
RbF-Rb2SO4-H2O [67]

	
0.0802

	
0.1269

	
9

	
14




	
RbCl-Rb2SO4-CH3OH-H2O [68]

	
0.1364

	
0.1478

	
14

	
16




	
RbCl-Rb2SO4-H2O [69]

	
0.1816

	
0.1500

	
22

	
18




	
RbCl-RbNO3-H2O [70]

	
0.1381

	
0.0620

	
12

	
6




	
Average

	
0.1153

	
0.1501

	
13

	
17

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. T