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The dialysis rate of nickel(Il) sulfate in a stirred batch dialyser through the
cation exchange membrane Nafion 427 has been measured using aqueous
solutions of alkali sulfates or sulfuric acid as a strippig solution. The influence
of stirring velocity in the feed and stripping solutions on the transport rate of
nickel(l) cations through the membrane has been studied. The individual values
of dialysis coefficients of the membrane have been evaluated using the Wilson
diagram. The time dependences of concentration of nickel(Il) cations have been
measured spectrophotometrically at the wavelength of 394 nm.

It has been concluded that the dialysis coefficients K, (j = H*, K", Na*,
Li*) of the membrane depend on the character of the cation and follow the
order

K> kK > ki > Ky
This order does not agree with the expected reverse order of the radii of

cations. The change in the order of cations is connected with the hydration
number of the cations.
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Introduction

In the last years, the membrane processes have been the most important ones for
industrial separation of a variety of components such as organic, inorganic and
radioactive compounds or metal ions from their aqueous solutions. The aim of
membrane processes is the separation of compounds which are present in
vatious systems i.e. purification of solutions from undesirable admixtures or the
enrichment of the desirable compounds. The transport of a solute through the
membrane can be affected by different forces, such as e.g. pressure, electric
potential, or chemical potential differences. Among the processes based on the
last driving force the Donnan. dialysis through cation exchange membranes is
very important. The static or dynamic flow model was used for studies of this
process by many authors® with the purpose of elucidation and quantification
of its regularity. The present work deals with the dialysis of nickel(II) sulfate
aqueous solution as a feed solution and alkali metal sulfates as a stripping
solution in a stirred batch dialyser with a cation exchange membrane
NAFION 427.

Experimental

The batch dialyser used consists of two compartments (volume 1 dm® each),
which are separated by a cation exchange membrane NAFION 427 with the
active area of 62.24 cm’, thickness of 0.43 mm. The dialyser was thermostated
in a water bath at 25 + 0.1 °C. The feed and stripping solutions in both the
compartments were intensivelly stirred. The concentration changes of nickel(ID)
sulfate in the feed and stripping samples were measured spectrophotometrically
by means of the Hewlett-Packard Spectrophotometer 8452 A at the wavelength
of 394 nm. After the measurement these samples were teturned into the dialyser.
In order to prevent volume changes during the measurement, the initial
concentrations of nickel(II) cation in the feed and alkali cation in the stripping
solutions were taken equal, cy; = ¢,5 = 0.1M where ¢y, and ¢, are initial
concentrations in the feed and stripping compartments, respectively. The stirring
velocity was 190, 540, 800 and 1038 rpm in the individual experiments. In all
the cases, the feed solution was aqueous nickel(Il) sulfate, the stripping solutions
were aqueous solutions of lithium, sodium, and pottasium sulfates or sulfuric
acid.

Results

For the comparison of the influence of the nature of alkali cation on the rate of
nickel(IT} sulfate dialysis it was necessary to estimate the dialysis coefficients
of the systems NiSO,/Li,SO,, NiSO,/Na,SO,, NiSO,/K,SO, and, for a more
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complete insight into this problem, the NiSO,/H,S0, system was investigated,
too. The time dependences of NiSO, in the feed and the stripping compartments
measured at the various rates of stirring are described by the flow equations:

dn
- 2 =KAoy o) M
dn ‘
_d;E = KyA(Cy; - ) (2)

where dny,, fdt represents the nickel(Il) cation rate of transport through the
membrane from the feed to the stripping compartment and dn,,/dt is the
transport rate of the same cation in the opposite direction. K is the overall
dialysis coefficient at the given rate of stirring, A is the effective membrane
sutface, ¢y, and cy, represent the actual concentrations of Ni(II) in the feed and
stripping. compartments and c,, is the equilibium concentration of nickel(Il)
cation in this system. The typical dependence of the concentration of ¢, on
time is given in Fig. 1. ‘

The number of moles ny, or ny, can be expressed by the product
Ny = cM.V (/ = 1,2). Then we have

___dﬂM" = f._’ V+ c.ﬂ . (3)
dt dt 7 dt

If the volume changes during the course of dialysis are negligible, the
second term at the right-hand side of Eq.(3) is negligible. The change of the
number of moles with time, dn./dt, can be replaced by the derivative dc;/dt.
With these simplifying assumptions we obtain the differential linear equation of
the 1. order

dc
- d;;u = KN‘%(CM " Cn) “)

and after integration of Eq. (4), we obtain the expression

Coi— C
M g A4, )
Nt Cnr |4

Plotting the term on the left-hand side of Eq.(5) (denoted as Inz in Fig. 1)
versus lime gives a line with the slope KyA/V. For example, this linear
dependence for the dialysis system NiSO,/K,SO, can be seen in Fig. 1.

The equilibrium concentration of nickel(II) cations which is necessary for
the evaluation of experimental data with the help of Eq. (5) can be obtained
using a calculation procedure which is described in Ref.® In our case, the set of
non-linear algebraic equations was suggested on the basis of the equilibrium
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conditions. The Donnan equilibrium condition, the dissociation constants of
sulfuric acid and the stability constants of the salts, the neutrality condition in
solutions on both sides of the membrane, and the balance equations for the ions
transported through the membrane were taken into account. The set of these
equations reads as follows:

12
X (ﬁ] | )
, \n
. .
B] = & B] = 2 (7a’b)
X X Y 4
X Y, :
B, = —* gy = —° (8a,b)
S €. ¥ Yy Y,
XX Y. Y.
Kvl — 596 K-l — 546 (9a,b)
X; &
XX Y, ¥,
K, = =2 K, = 578 (10a,b)
X ¥
2X v X+ X = 2+ X (11a)
2¥,+ ¥+ ¥, = 2¥+ ¥, (11b)
6’V = V(G + X+ X+ X, + X)) (123)
&'V, = Vi(H+ Y+ ¥+ Y+ 13) (12b)
cw Vi = V(X + X))+ V(Y + 1)) (13a)
czV; = V(X +2X)+ K(5+2 1) (13b)

The symbols X and Y reffer to the feed and stripping compartments
[Ni*] = X or Y; [NiSOJ] = X, or ¥,; [L"] = X, or ¥,; [L,8O,] = X,
or Y,; [H'] = Xg; or Yg; [HSO] = X, or Y¢: [H,S0,] = X, or Y55 [SO;]
= X or Y. The stability constants® 8,; = 4.365; B,, = 5.012; B, = 7.079;
Bun = 2089; K, = 97.72; K, = 0.001 at 298 K, ¢," or ¢, mean the total
sulfate concentration in the feed or stripping compartments.

The equilibrium concentrations of Ni(Il), Cy,» Can be estimated
experimentally, too, by the analytical determination of the concentration of this
ion in the feed and the stripping compartments at infinite time.
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Fig. 1 The time dependence of Ni(ll) concentration and its linearization in stripping
compartment: ¢y; = 0.1M NiSO, ; ¢;3 = 0.1 M K;80,; n = 1038 rpm; T = 298 K:
[- gy versus t; 2 - In Inz versus §; z = (c‘.:,’, - c‘.‘,,)/(c.W - Cp)

For equal initial concentrations of the feed and stripping solutions,
cy = €%, and with the assumption that the volume changes during the course
of the dialysis are negligible, the solution of Eq. (6) - (13) showed that ¢, is,
for alt the systems studied, one half of the initial concentration of Ni(Il) ions in
the feed compartment, c,, = cy/2. This result agrees well with the ion
concentrations determined experimentally at the infinite time.

For all the systems, the values of overall dialysis coefficients, K, were
calculated from the slopes of the straight lines obtained by linearization of
Eq. (5) - see Table 1. These coefficients depend on the flow velocity of the
solution near the membrane, i.e. in fact, on the stirring rate which affects the
tickness of the laminar layers on both sides of the membrane, The effect of the
stripping solution used is perceptible, too. Kaufman’ and Wilson® proposed
Eq. (14) for the dependence of the value K, on the flow rate:

+ const

1 .
— (14
KN KM n” )

where K,, is a dialysis coefficient independent of the stirring rate, n is the
number of stirrer revolutions, and p is an empirical coefficient. The value of
exponent p was determined so as to minimize the sum of squares of deviations
between the reciprocal values of experimental K, and that calculated by
Eq. (14). Using an optimization procedure, we found the value of p = 0.7. Using
Eq. (14), we estimated the values K,, by the non-linear regression analysis (see
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Tabie I).

For a general description of the transport through the membrane we also
used the Nemnst-Planck equation (Eqs (15), (16)) with the assumption of ideal
behaviour of all species (activity coefficients are equal to unity)

N = -p| %y E do (15)
dx RT dx

. ch F d :

e e T i ao

where z is a charge number and ¢ is a membrane potential.

]

Table I The overall dialysis coefficients K, and membrane coefficients K,: ¢y, = ¢3
= 0.1M; N7 = NiSO,; K, K, ems™

Stirring rate Ky x10°
pm Li,S0, Na,S0, K,S0O, H,S0,
190 4.33 . 5.86 6.55 12.36
540 4.46 6.54 7.20 13.04
800 4.56 7.77 8.51 14.26
1038 4.62 8.62 9.23 14.86
w X 10° 4.79 9.57 10.13 15.54

If the condition of electroneutrality in the membrane, the constant
exchange capacity, and fixed-charge concentration of the membrane ¢, are taken
into account

ZiCp+ pycpytc, = 0 (17)
and if we consider the both flows to be in a steady state,

Nz, = -Nyz,, (18)
we obtain

2
N, = DD (chL+chM)ch

(19)

(zL c, D, + ZM-CMDM) dx
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By comparison of Eq. (19) with the 1* Fick law (Eq. (20))

dec,

N, = -D,,—= (20)
L LNC I x
we obtain the interdiffusion coefficient D,
2 2
Dy = DJ;DM(ZL c; 2+ zM-cM) 1)
77 €, Dy + Zyep Dy

which is related to the dialysis coefficient K,, according to Eq. (22)

K, = %‘i" (22)

where Dy, is the interdiffusion coefficient of alkali and nickel(Il) cation and
d is the membrane thickness. ‘

The value of the individual diffusion coefficient is a function of the radius
of the diffusing component according to the Einstein-Stokes equation’. At a
constant value of the diffusion coefficient D,;, in our case, we can propose that
the D, will be inversely proportional to the radius r,, which determines the
adequate relation between K,, value and a radius of the counterion from the
stripping solution in the dialysis of nickel(I} sulfate. With this assumption the
values of the dialysis coefficients could follow the order

H* > Li* > Na* > K~

which is not fulfilled. As it can be seen from Table I, the values of the dialysis
coefficients K, obtained from the experiments follow the order

H* K* Na* L'
Ky > Ky > Ky > Ky

As the dialysis takes place in agueous solutions it is necessary to consider
the radii of the hydrated ions which penetrate the membrane. Taking into
account the hydration pumbers of these ions (Table I), we obtain the
above-mentioned order of the dialysis coefficients.

Table II The radii'® r and the hydrate numbers™ # of the ions

Jon Li* Na* K* H*
r*x10% m 0.60 0.95 1.33 *
h 13.0 8.60 420 *

* Eigen'? proposed the HyQ, structure (H,0.3H,0) in aqueous solution
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From this fact we can derive a possible explanation of the order obtained
for the dialysis coefficients K,,. It can be se¢ from Table II that the smallest
hydrate number in aqucous solutions can be assigned to hydrogen having the
highest dialysis coefficient. With increasing hydrate numbers of other ions in
Table II the dialysis coefficients of these ions decrease (Table I). The role of the
radius of the ion is negligible in this case because the radii of all these ions are
very similar but hydration numbers are quite different.

Conclusion

The influence of the character of alkali metal cations on the dialysis rate of
nickel sulfate has been studied. For the description of the transport rate a set of
linear differential equations has been used based on the consideration that the
driving force is given by the difference of the actual and equilibrium
concentrations of Ni(I) ions. After solving this set we obtained an equation,
which makes it possible to estimate the total dialysis coefficients from the
experimental data. The overall dialysis coefficient estimated for the different
flow conditions in the dialysis equipment have been studied mathematically.
The value of the dialysis coefficient of the membrane Nafion 427 for alkali
metal cation/nickel (Il)cation systems has been estimated. A large influence of
hydration number of the alkali metal cation on dialysis rate has been shown. The
most extensively hydrated Li (I) .cation is transported through the membrane
most slowly and with the largest difficulties in spite of its very little radius as
compared with the larger radii of Na and K ions.
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Symbols

membrane area, cm?

stability constant

nickel(I) bulk concentration, mol dm™>
alkali cation bulk concentration, mol dm
fixed-charge concentration, mol dm
membrane thickness, cm
diffusion coefficient, cm
Faraday constant, Cm ™
dissociation constant
membrane dialysis coefficient, cms”
overall dialysis coefficient, cm s~
rotations per minute, min™!

mole number of Ni(Il), mol
empirical exponent

gas constant, Jmol 1K !
temperature, K

time, s

volume, dm?

2.1

5

i

Qn‘).q';q‘qzb bzbngqubuknhnznm;;

Indexes

1, 2 feed or stripping compartment
o initial

r equilibrium
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