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Synopsis 
Using a modified form of the Born expresion for the free energy of ion-solvent 

interaction, to  both the bulk solution phase and the membranesolution interface, a 
parameter is obtained to express the repulsion of the ion a t  the interface. This param- 
eter, called the free energy parameter for ions, i then related to solute transport param- 
eter obtained from reverse osmosis experiments. Numerical values of this free energy 
parameter have been obtained for six monovalent and four divalent cations and for 12 
monovalent anions. Using the experimental data for the reverse osmosis separation of 
sodium chloride RS reference, the utility of the above parameter for predict,ing solute 
separation in reverse osmosis is illustrated for 32 other inorganic salts. 

INTRODUCTION 

The physicochemical basis for reverse osmosis separation of inorganic 
ions in aqueous solutions using Loeb-Sourirajan-type porous cellulose 
acetate membranes has been discussed in tbe literature from several points 
of view. According to  Lonsdale and cO-workersll reverse osmosis separa- 
tion is governed by the solution-diffusion mechanism which requires solute 
and solvent dissolve in the membrane material and permeate through the 
membrane by diffusion through the homogeneous nonporous surface layer. 
Anderson and Heyde2 have proposed a mechanism based on experimental 
partition coefficients of ionic solutes between water and cellulose acetate 
membrane material. According to Ei~enrnan,~-~ the selectivity of mem- 
branes for different ions depend on the relative free energy of interaction of 
ions between water and membrane material. McCutchan and co-work- 
ers6J have tried to apply this approach to explain their data on reverse 
osmosis separations. Choi and Bennions studied the membrane potential 
and relative mobilities of alkali and alkaline earth metal chlorides. They 
found that the relative mobilities were in the order 

Li+ < Na+ < K+ 2 Rb+ > Cs+ 

Be++ > Mg++ < Ca++ < Sr++ > Ba++ 
179 

and 
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They reported that the hydrated radius appeared to control transport rate 
for small ions and crystallographic radius appeared to control transport 
rates for larger ions. 

and Bean12 
explicitly recognize that the surface layer (skin) of the membrane is micro- 
porous and heterogeneous. In the capillary filtration mechanism of 
Dytnerskii et al.,v the relative strength of the hydration envelope of ions 
governs solute separation and liquid permeation rate for a given membrane; 
with reference to anions, a measure of the strength of the ion hydrate 
envelope is given by the parameter [ z A z / r A  - 0.251, where ZA and T A  

represent the valency and radius of the anion, respectively. In the analysis 
of Glueckauflo,ll and Bean,'* solute separation in reverse osmosis is gov- 
erned by the electrostatic repulsion which ions experience in the vicinity of 
materials of low dielectric constant. Glueckauf's equationlo predicts that 
solute separation increases with decrease in average pore size on the mem- 
brane surface, with decrease in ionic radius, with decrease in solute concen- 
tration in feed solution, with decrease in the dielectric constant of the 
membrane material, and/or with increase in the valency of the ion. Bean's 
equations'2 confirm the above predictions of the Glueckauf equation. 

This work is in continuation of the  investigation^^^"^" based on the 
preferential sorption-capillary flow mechanism according to which reverse 
osmosis separation is governed by two factors: (i) the relative magnitude 
of net repulsion of the solute molecules at the membrane-solution interface 
and (ii) the porous structure of the membrane surface. The repulsion of 
solute at the membrane-solution interface (i.e., negative adsorption of 
solute at the membrane-solution interface) is the net result of electrostatic 
and other interactions involving simultaneously the ion, solvent, and mem- 
brane material. Applying a modified form of the Born expression16-16 for 
the free energy of ion-solvent interaction to both the bulk solution phase 
and the membranesolution interface, a parameter is obtained to express 
the repulsion of the ion at the interface. This parameter, called the free 
energy parameter for ions, is then related to solute transport parameter in a 
manner similar to that reported earlier for alcohol solutes.'' Using the 
experimental data involving 33 different inorganic salts in very dilute 
binary aqueous solutions, the numerical value of the ionic parameter for 
each of the six monovalent and four divalent cations and for the 12 mono- 
valent anions has been calculated. The utility of the above free energy 
parameter for predicting solute separation in reverse osmosis is then 
illustrated. 

The analyses of Dytnerskii and co-w~rkers,~ Glueckauf, 

EXPERIMENTAL 

Thirty-three inorganic solutes listed in Table I (along with some relevant 
physicochemical data) were used in this work in single solute aqueous soh- 
tions. The apparatus and experimental procedure used were the same as 
those reported earlier." Batch 316 (10/30)-type cellulose acetate mem- 
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TABLE I 
List of Solutes Used with Some Physicochemical Data 

DAB X 
Solute A P A-0 DAB X lW, cmZ/sec k X lo4, 
No. Solute (ref. 29) (ref. 29) cm*!sec (ref. 13c) cm/sec 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

LiF 
LiCl 
LiBr 
LiN03 
NaF 
NaI03 
NaHzP04 
NaB1-03 
NaCl 
NaNOz 
NaC10, 
NaBr 
NaNOa 
NaC104 
NaI 
NaCH,CO, 
KF 
KCl 
KRr 
KClOs 
KNOa 
KC104 
HbCl 
RbBr 
CSCl 
CsBr 
NHiCl 
MgClz 
MgBrz 
Mg(NOs)2 
CaCL 
SrC19 
BaClz 

38.66 
38.66 
38.66 
38.66 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
50.11 
73.52 
73.52 
73.52 
73.52 
73.52 
73.52 
77.8 
77.8 
77.3 
77.3 
73.4 
53.06 
53.06 
53.06 
59.50 
59.46 
63.64 

55.4s 
76.35 
78.2 
71.44 
55.4- 
40.5 
39.99b 
55.8 
76.35 
57.79b 
64.6 
78.2 
71.44 
67.3 
76.9 
40.9 
55.48 
76.35 
78.2 
64.6 
71.44 
67.3 
76.35 
78.2 
76.35 
78.2 
76.35 
76.35 
78.2 
71.44 
76.35 
76.35 
76.35 

1.2127 
1.3667 
1.3777 
1.3358 
1.4008 
1.1928 
1.1843 
1.4060 
1.6110 
1.4294 
1.5028 
1.6263 
1.5683 
1.5296 
1.6169 
1.1993 
1.6828 
1.9948 
2.0182 
1.8315 
1.9297 
1.8714 
2.0516 
2.0764 
2.0453 
2.0700 
1.9933 
1.2502 
1.2625 
1.2160 
1.3355 
1.3351 
1.3865 

1.366 

1.336 

1.610 

1.568 

1.993 

1.886 

1.994 
1.249 

1.602 
1.335 

1.385 

13.3 
14.4 
14.5 
14.2 
14.7 
13.2 
13.1 
14.7 
16.1 
14.9 
15.4 
16.2 
15.8 
15.5 
16.1 
13.2 
16.6 
18.5 
18.7 
17.5 
18.1 
17.8 
18.9 
19.1 
18.9 
19.0 
18.5 
13.6 
13.7 
13.3 
14.2 
14.2 
14.6 

* From Robinson and Stokes.ao 
b By extrapolation using conductivity dat.a in ref. 31. 

branesl8 were used at  the operating pressure of 250 psig. The specifica- 
t i o n ~ ' ~ ~  of membranes used are given in Table I1 in terms of pure water 
permeability constant A (in g-mole H20/cm2.sec aatm) and solute trans- 
port parameter (DAM/K6) for sodium chloride (in cm/sec) a t  250 psig. 
Table I1 also includes solute separation and product rate data for the 
membranes used at the operating pressure of 250 psig with 3500 ppm 
NaC1-H20 feed solutions at feed flow rates corresponding to a mass transfer 
coefficient of 16.1 X cm/sec on the high-pressure side of the mem- 
brane. 
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TABLE I1 
Film Specifications 

Filmno. 1 2 3 4 5 6 7 

250 psig 
Pure-water permeability constant 

g-mole H20 
,ma. sec . atm 

1.61 2.06 3.40 5.56 1.76 2.38 3.83 

Solute transport parameter 
(DAM/K~)N~cI, (cm/sec) X 106 1.85 5.87 15.79 39.4 2.23 6.10 17.70 

Solute separation, ’% 94.39 85.46 74.70 54.50 93.90 85.00 74.70 
Product rate, g/lir. 18.89 24.74 40.0 63.0 20.59 28.64 45.0 

~~ ~ 

a Area of film surface: 13.52 cm*; film pressurized at 300 psig; feed concentration: 
3500 ppm NaC1-H20; mass transfer coefficient: 16.1 XlO-4 cm/sec. 

In  all experiments used for determining ionic parameters, the solute 
concentration in the feed solution was -300 ppm so that the osmotic 
pressure of the feed solution was negligible compared to  the operating 
pressure. Consequently, in each of these experiments, the product rate 
(PR) was practically the same as the pure water permeation rate (PWP). 
All experiments were of the short run type, and they were carried out a t  the 
laboratory temperature (23-25’). The (PR) and (PWP) data used in 
calculations were those corrected to  25OC using the relative viscosity and 
density data for pure water. The terms ‘(product” and “product rate” 
refer to  membrane-permeated solutions. The fraction solute separation f 
obtained in each experiment was calculated from the relation 

solute ppm in feed - solute ppm in product 
solute ppm in feed f =  

I n  each experiment, (PWP) and (PR) in grams per hour per given area of 
film surface (13.52 cm2 in the apparatus used) andf were determined at the 
operating conditions employed. The concentration of solute in feed and 
product solutions were accurately determined in each case using a con- 
ductivity bridge. 

RESULTS AND DISCUSSION 

Born Equation for Ion-Solvent Interaction 
The Born expression for the free energy (AG) of ion-solvent interaction 

is given as15 

where N = Avogadro number, 2, = valence of the ion, eo = electronic 
charge, rf = radius of the ion, and tS = dielectric constant of solvent. Let 
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Then, eq. ( 1 )  can be written as 

(3) 
E 
T i  

A G =  --. 

When AG is more negative, the ion is more stable in solution. Equation 
( 1 )  predicts that the smaller the ion, the higher its valency, and/or the 
larger the dielectric constant of the solvent, the greater is the magnitude 
of the free energy change in the negative direction. 

In Born’s model, ions are represented as charged spheres, and the solvent 
is treated as a fluid of uniform dielectric constant. Since ions are not 
actually hard spheres, and the dielectric constant for the solvent in the 
vicinity of the ion should be different from that of ion-free solvent, eq. (3) 
can only be an approximate expression for AG. Data on hydration 
energies of monatomic ions show that ion-solvent interaction as expressed 
by Born equation is generally stronger than that shown by the experimental 
data.l5,l6 Further, it  has been s h o ~ n ~ ~ - ~ ~ , ~ ~ * ~  that by adjusting the values 
of the ionic radii in eq. (3) to differ from the crystallographic radii, one can 
obtain a good agreement between calculated and experimental values of AG 
for monatomic ions. Consequently, for practical applications involving 
AG, eq. (3 )  may be modified as 

Equation (4) can be rewritten as 

Equation (6) implies that the plot of l / A G  versus r1 is a straight line whose 
slope and intercept represent - 1/E and - A / E ,  respectively. 

Using the data on free energy of hydration AG and the Pauling ionic 
radii listed in Table I11 (taken from ref. 20), the values of l / A G  were 
plotted against Ti in Figure 1 for monovalent cations (plot A), divalent 
cations (plot B), and monovalent anions (plot C). The results showed that 
the data fell reasonably well on straight lines [confirming the validity of eq. 
(S)], and the slope and intercept for each straight-line plot were different 
for each class of ions. From the straight-line plots A, B, and C shown in 
Figure 1, the values of - 1/E and - A / E ,  and hence the values of E and A, 
for each class of ions were calculated, and the results obtained are given in 
Table IV. Since these values of E and A refer to ions in bulk solution, 
they are designated as EB and AB, where the subscript B refers to bulk 
phase for which eq. (6) may be written as 
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Using the values of EB and AB obtained above for each class of ions (Table 
IV), the values of AGB were back calculated for different ions using eq. (7). 
The results obtained are also given in Table 111, which shows good agree- 
ment between the calculated and literature values of AGE. 

TABLE I11 
Free Energy Parameters for Some Monovalent and Divalent Ions 

AGE, kcal/mole 
Ionic 

radius, from from 
Ions b ref. 20 eq. (7) kcalJmole kcal/mole 

Monovalent cations 
Li + 

Na + 

K +  
Rb + 

CS + 

NH, + 

Divalent cations 
Mg++ 
Ca++ 
Sr++ 
Be++ 

F- 
10s  - 
H2P01- 
BrOa- 
c1- 
NO*- 
ClOa- 

Monovalent anions 

Br- 
NOa- 
Cl0,- 
I- 
CHaCOi - 

- 122.15 
-98.91 
-81.98 
-76.79 
-70.54 

- 125.57a 
-102.34 
-85.48 
-80.26 
-73.93 

-3.4P 
-3.43 
-3.50 
-3.47 
-3.39 
-3.54 

5.77b 
5.79 
5.91 
5.86 
5.72 
5.97 

0.60 
0.95 
1.33 
1.48 
1.69 

- 123.5 
-98.3 
-80.8 
-76.6 
-71.0 

0.65 
0.99 
1.13 
1.35 

-455.5 
-380.8 
-345.9 
-315.5 

-449.58 
-373.15 
-348.74 
-316.23 

- 452.38 
- 376.24 
-351.85 
-319.33 

-2.80 
-3.09 
-3.11 
-3.10 

4.73 
5.22 
5.25 
5.23 

1.36 
- 

- 103.8 
- 

-103.88 
- 

- 100.97 
- 

2.91 
3.37 
3.65 
2.90 
2.62 
2.28 
2.43 
2.52 
2.17 
2.13 
2.36 
2.90 

-4.91 
-5.69 
-6.16 
-4.85 
-4.42 
-3.85 
-4.10 
-4.25 
-3.66 
-3.60 
-3.98 
-4.89 

- 
1.81 
- 
- 

1.95 - 
- 

2.16 - 

- 
-75.8 - 
- 

-72.5 
- 
- 

-61.4 
- 

- 
-74.84 
- 
- 

-68.86 
- 
- 

-61.48 
- 

- 
-72.22 
- 
- 

-66.34 - 
- 

-59.12 
- 

* Based on (- AAG/RT)i .  

b Obtained by using In (DAM/K6)LiCll In c', and 

TABLE IV 
Values of EB, AB, EI, and AI for Monovalent Cations and Anions and Divalent Cations* 

Plot. of ions (-l/EB) X 10s ( - A / E B )  X 10' EB AB EI AI 
Class Slope Intercept 

A Monovalent 5.51 4.9G 182.0 0.89 197.1 0.976 

B Divalent 1.34 1.35 746.3 1.01 760.0 1.03 
cations 

cations 

anions 
C Monovalent 8.30 -1.70 120.5 -0.20 114.1 -0.23 

* EB and EI in kcalimole; AB and A1 in b. 
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I I I I I 
0 0.5 I .o 1.5 2.0 

IONIC RADIUS i 
Fig. 1. Ionic radiw vs. 1/AGB for monovalent cations, divalent cations, and monovalent 

anions. 

Free Energy Requirement for Relative Repulsion or Attraction of Ions at 
the Membrane-Solution Interface 

Since the ions are subject to electrostatic interaction in the vicinity of 
the membrane surface, the values of EB and AB obtained above for the bulk 
solution phase are not applicable for the membrane-solution interface. 
Assuming, however, that the form of eq. (6) is applicable for the interfacial 
region, eq. (6) can be rewritten as follows for ion-solvent interaction at the 
membrane-solution interface: 

where the subscript I refers to the interfacial region. Therefore, the 
energy needed to bring the ion from the bulk phase to the interface may be 
given as 

(9) AAG = AGI - AG, 

When AAG is positive, it means that it requires energy to bring the ion 
from the bulk phase to the vicinity of the membrane surface, which in turn 
means that the ion is repelled by the material of the membrane surface. 
Similarly, when AAG is negative, it means that the ion is more stable a t  
the vicinity of the membrane surface which in turn means that the ion is 
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attracted by the material of the membrane surface. When AAG is zero, 
it means that the ion is neither attracted nor repelled by the material of the 
membrane surface. At this point, it must be made clear that the quantity 
AAG refers only to the interaction of the membrane material with the ion in 
aqueous solution, and the sign or the magnitude of AAG says nothing 
about the preferential sorption characteristics of the membrane material 
for water itself. The following discussion is restricted to the case where 
water is preferentially sorbed at the membrane-solution interface. 

Parameter Governing Reverse Osmosis Transport of Ions 
Through the Membrane 

It is now useful to digress for a moment and recall Taft’s discussion on 
the thermodynamic basis of the Hammett and Taft equations.21 Using the 
notation of Taft,21 the standard free energy change (AAFO) representing 
the effect of structure on equilibria is given by the relation 

AAFO = -RT In ( K / K o )  (11) 

where K and KO represent the equilibrium constant for the reaction under 
consideration and a similar reaction taken as reference, respectively. 
The transition state theory of reaction rates leads to the result that relative 
rates are simply a special case of relative equilibria, i.e., 

(klko) = (K */KO *) (12) 

where k and ko refer to the reaction rate constants and K * and KO* refer 
to the corresponding equilibrium constants at the transition state. Con- 
sequently, the transition state free energy change (AM *) representing the 
effect of structure on reaction rate may be given as 

A@* = -RT In (k /ko) .  (13) 

The Hammett equation representing the effect of structure on reaction 
rate or equilibrium is given by the relation 

In (k /ko)  = up (14) 

where u is the Hammett number for the substituent group in the molecule 
and p is a proportionality constant characteristic of the functional group 
in the molecule and the reaction conditions involved. The analogous 
Taft equation corresponding to Hammett equation is given by 

In (k/k,J = u*p* (15) 

where U* is the Taft number for the substituent group in the molecule, and 
p* is a proportionality constant similar to p in eq. (14). From eqs. (13), 
(141, and (15), 

( -AAF*/RT)  = up or u*p*. (16) 
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It may also be recalled that the quantity on the right-hand side of eq. 
(16) has been used successfully to express the solute transport parameter in 
reverse osmosis for those solutes whose reverse osmosis transport is gov- 
erned primarily by polar effects. For example, it has been shown" that 
for alcohols in limited ranges of u* or Zu*, 

(DAMlK6) = C* exp (p*Zu*) (17) 

or 

In (DAM/K6) = In C* + p*Zu* (18) 

where (DAM/K6) represents the solute transport parameter for alcohol, 
Xu* is the sum of the Taft numbers for the substituent groups in the alco- 
hol, p* is the applicable proportionality constant for the functional group 
-OH under the experimental conditions used, and C* is another constant 
depending on the porous structure of the membrane surface. 

One may now apply the basic concepts represented by eqs. (16) and (17) 
to the reverse osmosis transport of ionic solutes. Comparing eqs. (10) and 
(16), one may consider that the quantities AAG and AAF* have similar 
thermodynamic basis, and hence the quantity (- AAG/RT)  is analogous to 
the quantity p*Zu* in reverse osmosis transport. Thus the quantity 
(- AAG/RT)  emerges as a relevant parameter governing the reverse 
osmosis transport of ions through the membrane. Let this parameter be 
called the free energy parameter for ion for reverse osmosis transport, and 
let ( - A A G I R T ) ,  represent this parameter for each ion in solution. Fol- 
lowing the form of eqs. (17) and (18), the solute transport parameter 
(DAM/K6) for the electrolytic solute as a whole may be expressed as 

(DAMIK6) = C* exp { Z ( - A A G / R T ) , ]  (19) 

so that 

In (DAMIKB) = In C* + Z ( - A A G / R T ) ,  (20) 

where Z ( - A A G I R T ) ,  represents the sum of the values of (- AAG/RT) ,  for 
each ion in the feed solution. 

It shows that if the applicable values of 
(- AAG/RT) ,  for various cations and anions are known, they can be used 
to calculate (DAM/K6) values for each of the electrolytic solutes involving 
the above ions for any membrane for which In C* value is known; this 
latter value can be obtained from the (DAM/K6) data for any one electro- 
lytic solute. Therefore, the problem is to obtain the numerical values of 
(- AAG/RT) ,  for various cations and anions applicable for reverse osmosis 
systems involving aqueous solutions and cellulose acetate membrane ma- 
terial. Such numerical values can be obtained from experimental reverse 
osmosis data for different electrolytic solutes. The procedure used to 
obtain such data, and the utility of these data for predicting solute separa- 
tion involving different ions, are illustrated below. 

Equation (20) is significant. 
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Experimental Data on ( D A M / K 6 )  for Different Electrolytic Solutes 
Using the experimental solute separation f and product rate (PR)  data, 

the values of ( D A M / K 6 )  for each solute for the different films tested were 
calculated from the following expression applicable for dilute solutions : 

where S = effective membrane area (=13.52 em2), k = mass transfer 
coefficient on the high-pressure side of the membrane (cm/sec), and d = 
density of solution (g/cm3). Equation (21) has been derived." Again, 
as in previous work,22 the values of k were obtained from the relation 

where k r e t  = mass transfer coefficient on the high-pressure side of the 
membrane for the reference solution system 3500 ppm NaCl-H20 (= 
16.1XlO-' cm/sec) and ( D A B ) r e f  and D A B  refer to diffusivity of sodium 
chloride and the salt under consideration, respectively, in water. The 
values of D A B  (in cm2/sec) of the various electrolytic solutes in very dilute 
aqueous solutions were obtained from the Nernst equation23 

where Z+ and 2- are the valencies of cation and anion, respectively; R = 
gas constant = 8.316 joules/("K)(g-mole) ; T = absolute temperature, 
OK; X+O and Lo = limiting (zero concentration) ionic conductances, amp/ 
(em2) (volt/cm) (g-equivalent/cm3) ; and Fa = Faraday = 96500 coulombs/ 
g-equivalent. For all solutes studied in this work, the values of h+O, Lo, 
and D A B  calculated from eq. (23) and the values of k calculated from eq. 
(22) are given in Table I. 

Numerical Values for the Free Energy Parameter for Ions 
The numerical values of the free energy parameter developed above are 

independent of the porous structure of the membrane. For the purpose of 
calculating these values, the reverse osmosis data (i.e., ( D A M / K 6 )  data) 
obtained for different solutes with the same film (whose surface pore struc- 
ture remained constant in all experiments) should be used; the data 
obtained with film 2 were arbitrarily chosen for illustrating the calculation 
procedure. 

Monatomic Monovalent Cations. Consider the ( D A M / K 8 )  values 
obtained with film 2 for LiCl, NaC1, KCI, RbCl, and CsC1. With reference 
to  ( D A M l K 6 )  data for the pair of solutes LiCl and KC1, eq. (20) can be 
written as 
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The quantity In C* is a measure of the porous structure of the membrane 
surface, and its value is assumed identical in eqs. (24) and (25) since the 
(DAM/K6) data refer to the same film. This assumption is verified later 
(Table V). Subtracting eq. (25) from eq. (24), and using eq. (lo), 

Rearranging eq. (28), 

The right side of eq. (29) can now be evaluated since the numerical value 
of each one of the quantities involved (namely, In (DAM/K6)LiCl ,  In ( D A ~ /  
K~)KcI ,  EB, AB7 r L i + ,  and r K + )  is known. Let K L i + , K +  represent the right 
side of eq. (29) so that 

Similar calculations can be made with reference to (DAMIK6) data for the 
pairs of solutes NaCl and KCl, RbCl and KCl, and CsCl and KCI, so that 
the following equations, analogous to eq. (30), can be written: 

The quantities KNa +,K +, K R b  + ,K +, and Kc. +,K + can be calculated from 
expressions analogous to the right side of eq. (29), using the appropriate 
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TABLE V 
Experimental In C* Values 

Solute In C* 

NsF 
NaCl 
NaBr 
NaI 

LiCl 
LiBr 
LiNOt 
NaCl 
KF 
KC1 
KBr 
KC14 
KNOs 
KC101 
RbCl 
RbBr 
CSCl 
CsBr 
MgCln 
Mg(NO,)¶ 
CaClr 
SrCle 
BaClr 

Film no. 
1 
3 
4 
5 
7 

Films 2 
-11.11 
-11.11 
-11.13 
-11.08 

Film 6 
-11.17 
-11.06 
-11.24 
-11.07 
-11.04 
-11.02 
-11.05 
-10.90 
- 10.88 
- 10.92 
-11.18 
-11.08 
-11.12 
-11.16 
- 10.80 
-11.01 
-11.08 
- 10.99 
-11.04 

111 C* based 
on NaCl data 

-12.27 
- 10.19 
-9.37 
- 12.08 
- 10.09 

numerical values of In (DAM/KS) and r f ;  the numerical values of EB and 
AB are the same (Table IV) for all the monovalent cations considered. 

Dividing eq. (30) by eq. (31) and rearranging, one obtains 

Treating eqs. (30), (32), and (33) in a similar manner, one can obtain 
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Avalue of A1 can be obtained by solving any one of the eqs. (34), (35), or 
(36). The three values of A1 so obtained can be expected to be slightly 
Merent from each other in view of the different experimental data used in 
calculating the quantity on the right side of eq. (29) or its analogous ex- 
pression. A value of A1 for practical use can be obtained by taking the 
average of the three AI values obtained above. Such an average value for 
AI was found to be 0.976 b. Using this value of AI,  one can calculate the 
value of EI from each of the eqs. (30), (31), (32), and (33); the values of EI 

(in kcal/mole) so obtained were 197.87, 195.15, 198.82, and 196.63, respec- 
tively, yielding an average value of 197.11 for EI. Therefore, for practical 
purposes, the values of EI and AI for monovalent cations can be taken to 
be 197.1 kcal/mole and 0.976 b, respectively. Since the values of EB and 
AB for monovalent cations are already known (Table IV), eq. (10) can be 
written aa 

lg7-' ) - (- 
T ,  + 0.89 

AAG = - ( r, + 0.976 (37) 

and the parameter ( - A A G I R T ) ,  for reverse osmosis transport of mono- 
valent cations through cellulose acetate membranes can be given aa 

(- sG), = 1 {( lg7'' ) - ( 182'o )>. (38) 0.5925 T: + 0.976 ri + 0.89 
The values of (- AAG/RT) ,  calculated from eq. (38) for the monovalent 
cations Li+, Na+, K+, Rb+, and Cs+ are given in Table 111. 

Monatomic Divalent Cations. The values of ( - A A G / R T ) ,  for divalent 
cations can be obtained by the same technique described above for mono- 
valent cations. Using the In (DAM/K6) data obtained with film 2 for 
MgClz, CaCL, SrClz, and BaC12, the values of A I  and EI were calculated to 
be 1.03 b, and 760.0 kcal/mole, respectively. Therefore the parameter 
(- AAG/RT) ,  for reverse osmosis transport of divalent cations through 
cellulose acetate membranes can be given as: 

760.0 746.3 (- %), = O& { ( r ,  + 1.03) - (I( + l .O l ) }  * 
(39) 

The values of ( - A A G I R T ) ,  calculated from eq. (39) for the divalent ca- 
tions Mg++, Ca++, Sr++, and Ba++ are given in Table 111. 

Monatomic Monovalent Anions. The values of ( - A A G / R T ) ,  for 
monovalent anions also can be obtained by the same technique described 
above for monovalent cations. For this purpose, the salts chosen must 
have the same cation. Using the In (DAM/K6) data obtained with film 2 
for NaF, NaCl, NaBr, and NaI, the values of A1 and EI were calculated to 
be -0.23 b and 114.1 kcal/mole, respectively. Therefore, the parameter 
(- AAG/RT), €or reverse osmosis transport of monovalent anions through 
cellulose acetate membranes can be given as 

114.1 120.5 (- %), = & ( (7 . :  - 0.23) - ( I ,  - 0.20)). (40) 
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The values of ( - A A G / R T ) ,  calculated from eq. (40) for the monovalent 
anions F-, C1-, Br-, and I- are given in Table 111. 

Polyatomic Monovalent Cations and Anions. This work also included 
studies on solutes involving the following polyatomic ions: NHI+, I03-, 
HzPOd-, BrOa-, NOz-, .c103-, NOa-, Clod-, and CHaCOO-. While 
crystallographic data on ionic radii for monatomic ions seem firmly estab- 
lished in the literature, the meaning of similar data for polyatomic ions, 
especially those capable of hydrogen bonding, is probably subject to sig- 
nificant uncertainty. For this reason, the values of ( - A A G I R T ) ,  for the 
above polyatomic ions were determined directly from eq. (20) using the 
known values of the ionic parameters for monatomic ions and experimental 
( D A M l K 6 )  data. For example, with reference to film 2, using the experi- 
mental (DAM/K6) data for NaCl, and the values of ( - A A G / R T ) ,  obtained 
above for Na+ and C1- ions, the value of In C* for the film was first calcu- 
lated using eq. (20). Then using the experimental ( D A M / K 8 )  data for 
NH&1 and the known values of In C* and ( - A A G / R T ) ,  for C1- ion, the 
value of ( - A A G / R T ) ,  for NH4+ ion was calculated again from eq. (20). 
Similarly, the value of (- AAG/RT) ,  for the polyatomic anions listed above 
were calculated using the known values of In C* for the film and (- AAG/ 
RT) ,  for Na+ ion, and the experimental (DAM/K6) values of the corre- 
sponding sodium salts involving each of the anions. The values of (- AAG/ 
RT):  so obtained for the polyatomic ions listed above are given in Table 
111. 

Ionic Parameter for Li+ Ion. The value of ( - M G / R T ) ,  for Li+ ion 
calculated from eq. (38) was 4.93, whereas that calculated directly from 
eq. (20) (using the experimental ( D A M I K 8 )  data for LiCl and NaCl and the 
known ionic parameters for Na+ and C1- ions) was 5.77. The latter value 
is taken as the appropriate value for the ionic parameter of Li+ ion, since 
it was found to be consistent with the experimental reverse osmosis data 
obtained for LiCl and other lithium salts with several membranes. The 
values of AG, and AAG for Li+ listed in Table I11 were obtained using the 
latter value of ( - A A G / R T ) :  for Li+. 

The 
correspondence between the order of solute separation in reverse osmosis 
and the order of the lyotropic series of ions,z' as well as some exceptions to 
this correspondence in order, have been pointed 0 u t . ' ~ 3  The reason for 
the existence, and the lack of existence, of the above correspondence in 
order becomes explicit from Figure 2 which gives the correlations between 
lyotropic number2' and AGB, AG,, and AAG of different ions. Figure 2 
shows the existence of unique relationships (not necessarily linear) between 
lyotropic number and the quantities AGE and AG, with respect to the 
cations Li+, Na+, K+, Rb+, and Cs+, and the anions F-, C1-, Br-, and I-. 
However, the controlling parameter for reverse osmosis separation is AAG, 
which is the difference between the quantities AG, and AGB. The correla- 
tion between AAG and lyotropic number shows that with respect to the 
halide anions, AAG decreases with increase in lyotropic number; this order 

Correlations of Lyotropic Number with AGE, AG,, and M G .  
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Fig. 2. Lyotropic number us. AGB, AGr, and AAG for monovalent cations and anions. 

is seen in reverse osmosis separation also (Tables VI and VII). With 
respect to the alkali metal cations, AAG passes through a slight minimum 
for K +  with increase in lyotropic number. This order seems consistent 
with the experimental reverse osmosis separation data given in Table VII, 
even though differences in separations among lithium, sodium, and potas- 
sium salts for the membranes tested are practically insignificant. Further, 
it may be noted that the form of the lyotropic number-versus-AAG correla- 
tion for alkali metal cations is exactly similar to the selectivity sequence 
given for these ions by Krasne and Eisenman (see their Fig. 50 in ref. 5 ) .  

The AAG-versus-lyotropic number correlation for polyatomic anions 
capable of hydrogen bonding is different from that for halide anions as 
seen in Figure 2. The data show that AAG decreases qteeply with increase 
in lyotropic number for the polyatomic anions considered. Their reverse 
osmosis separations also decrease steeply with increase in lyotropic number 
as shown by the data given in Table VI. 

It must, however, be pointed out that the numerical values of AAG for 
the different ions and their correlation with lyotropic numbers can change 
with change in the chemical nature of the membrane material, solvent, and/ 
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TABLE VI 
Comparison of Calculated and Experimental &verse Osmosis Separations for Some 

Sodium Salts and Ammonium Chloride0 

Solute separation, % 
Film 1 Film 2 Film 3 Film 4 Solute 

no. Solute Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
27 

NaF 
NaIOa 
NaHZPO, 
NaBrOa 
NnCl 
NaNO? 
NaCIOt 
NaBr 
NaNO, 
NaClOi 
NaI 
CHaCOONa 
NH&I 

96.9 
98.5 
99.1 
96.9 

a 
91.7 
93.5 
94.4 
90.3 
89.7 
92.8 
96.1 
94.5 

95.7 
98.4 
99.3 
97.2 
95.2 
89.9 
92.7 
94.4 
89.0 
87.3 
91.9 
94.2 
94.9 

91.9 
a 
a 
a 
a 
a 
a 

86.2 
a 
a 

82.6 
a 
a 

91.9 
96.0 
97.4 
91.9 
88.0 
80.2 
84.2 
86.5 
77.5 
76.2 
82.2 
91.6 
86.5 

85.0 85.8 72.9 
92.0 94.9 
94.7 96.1 88.8 
84.8 85.6 71.7 

a 78.7 a 
66.6 68.4 47.6 
72.4 73.2 54.8 
75.9 78.2 59.9 
63.3 62.6 44.6 
61.5 62.1 42.7 
70.6 70.2 52.7 

b 
77.0 75.6 

74.7 
b 

90.7 
71.7 
63.7 
48.3 
54.3 
58.9 
42.5 
41.6 
50.6 

b 
b 

* Experimental data used for calculating (- AAG/RT)i for the anion or In C*. 
Not determined. 
All the above data are for films specified in Table 11, operating pressure of 250 psig, 

and k values given in Table I. 

or reverse osmosis operating conditions of pressure and temperature. 
Consequently, one cannot expect an invarient order of solute separation in 
reverse osmosis with respect to different ions. Lyotropic series is caused 
by differences in ionic field strength, and hence lyotropic number is a 
fundamental physicochemical parameter for the ion expressing its relative 
tendency for electron transfer. Since this tendency is also a basis for re- 
verse osmosis separations, it is reasonable to expect that whatever correla- 
tion exists between AAG and lyotropic number, that will be reflected in the 
correlation between the latter and ( D A M I K 6 )  for the ionic solutes, and hence 
their separations, in reverse osmosis. 

Sign and Magnitude of Ionic Parameters. Table I11 shows that the 
quantity (- AAG/RT), is positive for all cations and negative for all anions. 
This shows that the cation is attracted and anion is repelled by the mem- 
brane surface which means that the membrane surface behaves as if it is 
negatively charged. This result confirms the observation made earliern 
that the cellulose acetate material has a net proton acceptor character 
with respect t o  solutemembrane interactions. 

The values of the ionic parameter for divalent cations are lower than 
those for the monovalent cations. This accounts for the relatively lower 
values for In ( D A M I K 6 )  and hence higher values for solute separations with 
respect to  solutes involving divalent cations. Also, Table 111 shows that 
the values of ( -AAG/RT),  for halide anions increase with increase in 
ionic radius. This means that with respect to  solutes involving halide 
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TABLE VII 
Comparison of Calculated and Experimental Reverse Osmosis Separations 

for Different Salts" 
~ 

Solute separation, 

Film 5 Film 6 Film 7 
Solute 

no. Solute Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. 

1 LiF 
2 LiCl 
3 LiBr 
4 LiNOI 
9 NaCl 

17 KF 
18 KCl 
19 KBr 
20 KC108 
21 KNOa 
22 KC104 
23 RbCl 
24 RbBr 
25 CsCl 
26 CsBr 
28 MgCl, 
29 MgBrr 
30 Mg(NOi)r 
31 CaClz 
32 SrClz 
33 BaClt 

96.6 98.5 b b 
94.3 94.2 87.7 87.4 76.2 76.0 
93.3 93.2 85.8 84.0 72.4 70.5 
88.6 88.9 77.2 77.9 60.9 62.7 

a 94.4 a 88.2 a 77.5 
96.2 94.8 91.8 91.5 84.6 86.1 
94.1 94.5 87.8 87.2 77.3 76.4 
92.9 93.7 85.6 85.3 74.0 73.6 
91.9 91.2 83.0 81.1 69.8 67.9 
88.1 86.5 75.2 73.3 61.0 58.9 
87.4 86.3 74.7 72.7 59.3 57.7 
94.2 94.7 88.0 89.2 77.9 79.9 
93.4 94.5 86.5 86.7 75.4 75.8 
95.0 95.0 89.6 90.0 80.4 82.3 
94.2 94.5 87.9 87.5 77.7 77.5 
97.9 98.0 95.3 93.9 89.8 87.3 
97.5 96.9 b b 
95.6 96.1 90.3 89.8 80.2 80.3 
96.5 96.4 92.4 92.5 84.7 85.3 
96.4 95.8 92.2 91.7 84.2 84.6 
96.6 96.3 92.6 92.4 84.8 84.1 

8 Experimental data used to calculate In C*. 
b Not determined. 
0 All the above data are for films specified in Table 11, operating pressure of 250 psig, 

and k values given in Table I. 

anions, In (DAM/K6) increases, and hence solute separation decreases, with 
increase in ionic radius. A similar conclusion seems valid with respect to 
other anions as well. 

The data also show that the values of the ionic parameter for the mono- 
valent and divalent cations follow the sequence 

and 
Li+ < Na+ < K +  > Rb+ > Cs+ 

Mg++ < Ca++ < Sr++ > Ba++. 
The above sequence is the same as that given by Choi and Benniona based 
on relative ionic mobilities. 

Table 111 also shows that the values of the ionic parameter for 1 0 3 - ,  
Br03-, and C103- are in the following order in the negative direction: 

103- > BrOs- > ClOa- 
which order is identical to the order of hydrogen bonding ability (basicity) 
of the ions in view of the electronegativity values of 2.5, 2.8, and 3.0 for I, 
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Br, and C1, respectively.28 The above order in the values of ionic parameter 
also confirms that the cellulose acetate membrane surface has a net basic 
character. 

Utility of Data on Free Energy Parameter for Ions-An Illustration 
The data on free energy parameter for ions given in Table 111, together 

with eqs. (20) and (21), offer a means of predicting solute separation for 
various ionic solutes in aqueous solution from reverse osmosis data for the 
separation of any one reference solute only. The procedure for such 
prediction is as follows. Consider very dilute feed solutions and let NaCl 
be the reference solute. For any given film, first determine ( D A M I K b )  for 
NaCl from the experimental reverse osmosis data using eq. (21). Use this 
( D A M / K b ) ~ a ~ ~  to calculate In C* for the film from eq. (20). Then, for any 
desired solute, calculate In (DAM/Kb) from eq. (20) using the In C* value 
obtained above and the appropriate values of the ionic parameter taken 
from Table 111. Finally, calculate soIute separation for the desired solute 
from eq. (21) using the (DAM/Kb) value for the solute calculated above and 
the required value of k. The values of (PR) and d may be assumed to be 
the same as those applicable for the reference system for very dilute feed 
solutions. 

The use of a constant value for In C* in the above prediction procedure is 
justified on the basis of experimental data presented in Table V for films 2 
and 6 chosen for illustration; the data for the other films tested were 
similar. The experimental results showed that, for a given film, the 
numerical value of In C* was essentially the same for each one of the elec- 
trolytic solutes used in the reverse osmosis experiments. 

W cn 
W 

20 - 

-2 0 2 4 6 8 

c (- *)i 
Fig. 3. Solute separation vs. 2( - AAG/h!T)i for k = w at 250 psig. Solute numbers 

same as in Table I. 
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Using the In C* values (given in Table V) obtained from sodium chloride 
data only, solute separations were calculated for 32 other solutes using 
seven different films (films 1 to 7) following the procedure described above. 
The k values listed in Table I were used in these calculations. The calcu- 
lated results were then compared with solute separation data actually 
obtained in the reverse ormosis experiments. The results, given in Tables 
VI and VII, showed excellent agreement between calculated and experi- 
mental values. The data involved in the above comparison of results cover 
a wide range of solute separations (42% to 98%); consequently, the con- 
cept of ionic parameters, and ’ the prediction procedure illustrated above, 
have firm experimental basis and practical validity. 

Referring to eq. (20), it is clear that, for a given membrane, ( D A M I K 6 )  is 
a function of the sum of the ionic parameters. Since it is conceivable to 
obtain the same sum by different combinations of ions, the correlation of 
( D A M I K S )  versus 2( -  AAGIRT), has a more fundamental significance. 
Further, since data on solute separation are of more practical interest and 
they are related to ( D A M I K 8 )  by eq. (21), a correlation of solute separation 
at k = versus 2( -AAG/RT) ,  for various values of In C* can be useful. 
Such a correlation is illustrated in Figure 3 for films 1 and 4 for various 
assumed values of 2(-AAG/RT), .  These data were calculated by using 
the following form of eq. (21) applicable for the condition k = m : 

where v, = (PR)/3600Sd. The data corresponding to some of the solutes 
used in this work are also indicated in the correlations shown in Figure 3. 
It may be noted that the sum of the ionic parameters for the solutes used 
in this work lies only in a narrow range. However, the form of the correla- 
tions is exactly the same as those illustrated earlier” for alcohols. Figure 3 
indicates the possibility of developing a unified scale of (AAGIRT) param- 
eter for both ionic and nonionic solutes for use in reverse osmosis transport 
equations. 

CONCLUSIONS 

The concept of the free energy parameter for reverse osmosis transport 
developed in this paper has firm theoretical and experimental foundation. 
The predictive capability of this parameter has been illustrated. Much 
further work is needed to explore the fullest potentialities of this concept 
in the further development of reverse osmosis. In particular, determina- 
tion of the values of the above parameter for other ions and detailed work 
on the effect of pressure, temperature, feed concentration, and the chemical 
nature of the membrane on the values of (- AAG/RT)( and the utility of 
the parameter for predicting reverse osmosis separations in mixed solute 
systems are the areas of study which are of immediate interest. 

The authors are grateful to R. Ironside for help and advice on analytical techniques. 
Issued as N.R.C. No. 14402. 
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