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QUANTITATIVE DESCRIPTION OF ION TRANSPORT
IN DONWAN Lf‘N EXCHANGE MDMBRAUE SYSTEMS

William E. Rush, Chemical Technology
Hoeschst Fibers, Spartanburzy, S. C.

and

B. L. Baker, Frcfessonr Emeritus
University of South Carolina

Presented are simplified mass transfer techniques describing
the transfar of ions in continuous ion selective membrane systems
in which the resistance to ion transpor* rnrough the membrane is
swall in ralacicn to the resistanca to ion transport in the solu-
tion nmhase. Meathods are develcped through the zpolication of the

ransfer unit concept te the Donnan equiiibricm. This equilibrium
descrines the equilibrium icn concentration on either side of an
ion selective mewbrane. Data from cne cation selecticn system is
oresented as evidence of the walidiry of these methods. Further
:echniques are shown that will allow the determirnation of iom
transnorz given ouly equipment parameters and sclution diffnsivi-
ties. Supporting data are shown.

H

INTRODUCTION

The Donnan dialyzers discussed herein are continuous ion
exchange membrane units that rely upon the Donnan equilibrium
rather than external electrical energy to effect ion transporvrt.
Such systems have been of limited interest in the past, bur due
te present energy costs the low energy Tequirements of Dounan

anits should spur am increase in popularity for these systems.
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1154 RUSH AND BAKER

A number of investigators have presented methods of de-
scribing +he icn transport in Donnan Systems (1) (2) (3);
however, use of these techniques to design a diazlysis unit would
be difficult without first obtaining data from a similar unit.
The techniques that are presented in this paper, though not
accurate for all dialvzers, do provide in many cases a relative-
ly easy means of estimating the configuration of a Dennan system
needed to perform a given ion extracticn. These technigques are
primarily applicable to systems containing dilute soluticns where
the membrane resistance is negligible. The small membrane re~
sistance in such systems is because the ion concentration ia cthe
membrana is essentially constant no matter what the concentrations
of the solutions are. The apparent diffusivities across the mem-

brane therefore increase with decreasing solution concentration.

DONNAN EQUILIBRIUM

The transport of ioms across an ion exchange membrane can be
best understood by considering a dilute electrolyte solution in
contact with one side of a cation selective membrane containing
the same caticn as the elactrolyte (cation selective membranes

are those havi fixed negarive sites to which cations can be

ng
attached). Under these conditions, the cacion concentration in
the membrane is higher than in the solution while the anion con-
centration is higher in the solution. As the solution first com-
tacts the membrane, these concentraticn differances lead to the
diffusion of carions into the solution and anions into the mem—
brane. After diffusion of very few ions, a negative charge is
built up in the membrane and a positive charge in the solution.
The resulting potential difference has been denoted as the
Donran potential in recognition of work bv F. G. Donnan (4.
Due to this potential, anicns are repelled from the membrane

while cations are pulled into the membrane. Dennan considered

a cell in which a cation selective membrane divides two solution-
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filled chambers, one containing sodium ions and the other potas—
sium ions with a common anion. The requirement of electroneu-
trality and the requirement that the change in free energy (F)

equal zero at equilibrium lead to the following equations.

Nal . . ]
AF = RT (An log TRETEEBEE + An log TETEEEEE) =0 (1)
T left "M left

where [ ] = concentration

R = gas constant

T

L]

temperature
o = numbers of moles of each cation crossing the membrane.
right and left refer to opposite sides of rhe membrane.
Simplifying the above equation, since both sgodium and potas~

sium form monovalent ions, results in

Nal one ) (Naly ¢p 2y
Kl igne  lies

Similar reasoning leads to the following gneralized Donnan
equation in terms of concentratiouns rather than activities:
/Ciz*i ht v
k___:_ji__ = X (33
2left
where Ciz is the concentration of the ith caticn of charge z;
right and left refer to opposite sides cf the mewbrane. and k is
a constant.

To illustrate this equilibrium relation, consider a non-
flowing Donnan contactor in which a cation exchange membrane
divides two solution filled chambers of equal volume. The
initial and equilibrium values are as shown below. A and 3
represent monovalent ions while D and E represent divalent ions.

Concentraticns are in molar concentration units.

Initial Equilibrium
Left Right Left Right
A 110 B 1l A 90.16 A 19.84
D 110 E 11 B 3.01¢6 B 1.984

D 104.92 D 5.08
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Initial Equilibrium
Left Right Left Right
E 10.492 E .508
Total Total Total Total
Equiv. -330 Equiv. 33 Equiv. 330 Equiv. 33

MASS TRANSFER RELATIONS

The transfer unit concept is the primary means used to
quantitatively describe the mass transport in most types of
continucus separation equipment. If the assumption is made
that the membrane contributes only a small portion of the total
resistance to ion transport, the subsequent concepts are valid.

For dilute solutions, a transfer unit is defined as fcllows

for counter-current systems {(5):

NTU = dx
(
OR / Pr— (4)
-2
71
NTU = dy (3
OE *
- yt -y
“2
The elements of these equations are illustrated in Figure 1.
NTUOE and NTUOR are related by the following expression:
= R
NTUOE = .F £ NTUOR (6)

where R/E is the ratio of flow rates of raffinate and extract

phases and m is defined by the equation

f -
me T @

If we limit the discussion to dialysis systems containing only
menovalent ions, m will remain constant and equal to the ratio
of ion equivalents between the extract and raffinate phases.

With m censtant Eq. (4) and (5) can be easily integrated. The
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integrated expressions for countercurrent systems are:
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EXPERIMENTAL

Several dialysis runs were wmade in an effort to test the

mass transfer correlations

advanced thus far. All runs were

made using the same dialvzer. The construction of the dialyaz:«

BAKER

27

used in this work was essentially the same as previous devices

used by Wallace (6) and by Davis, et. al. (7). A schematic
representation of the dialyzer is depictad in Figure 2. A more
STRIP RAFFINATE|
A
|
[ |
- | Sy I
1l >
o b d— (>~ 7
| 7
j;;jj v | ;;;5;
| 4
| /
‘ /
) ////
i
7 ' 7
{
7 v | ' /
7
1 /
w w
/ - .
- . 7
2 -3
7 | 7
// /
7 0 s
/ : /
I y
% : 7
!

FEED

EXTRACT

FIGURE 2. SCHEMATIC REPRESENTATICN OF THE EX-
PERIMENTAL MEMBRANE SYSTEM
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detailed drawing showing the elements comprising the dialyzer
are shown in Figure 3. The dialyzer was a single pass-—counftar-
current uwnit using two Nafion* perfluorosulfonic acid membranes.
The thickness of the flow channels was .061 c¢m. The membrane
area within the dialyzer was 30 x 10 centimeters for ezch mem-
brane.

The usuable membrane area was undoubtedly somewhat less
than che 1003 cm2 because of collapsing membrane channels and
because of the presence of air pockets within the channels.

For each of the runs a soluticu of sodium nitrate was intro-
duced into the feed stream and a potassium nitrate solution into
the strip stream. The concentrations of these Solutions were
varied but the feed and strip rates remained constant at 1050 ml/
hr and 240 ml/hr respectively throughout zll the runs. The

stream compositions and the number of transfer units calcularted

from these compositions are shown in Table 1 for each of the
runs. (Because of various non-idealities in the dialyzer system
and analytical errors a slightly different walue for the number
of transfer units is obtained depending on whether the raffinate
or extract concentraticns are used for the calculations. 1In
order to give some indication of the errors involved both values
are ziven.)

The following equations relate overall NTU values to indi-~

vidual phase NTU's (8).

1 1 mE 1
S F 2 _ (10)
NTU, ~ NTU, = R NIU,
\Iﬁlf = '\IiU B? *\IT%‘ an
h\ OR NI R ma O E

where NTUE = number of extract phase transfer units.
NTUR = number of raffinate phase transfer units.

If the mass transfer concepts are valid for Donnan dialyzers,

*Trademark of E. I. duPont de- Nemours and Company.
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the NTUOE and NTUOR values for the runs in Table 1 will be re-
lated by the above expressions. Sustituting data from any two
cf the runs defines the value of NTUE and NTUR. Using data from

runs 1 and 6, the values of NTU. and NTVQ are calculated to be:

ITT - Q
NTJE 1.33
NTUR ; .87
With these values and the oE values, NTUOR and NTUOE can be pre-

dicted for the other four runs by using eq. (10) and (11). Pre-
dicted and actual values are compared numerically in Table 2.
The values are also compared graphically in Figure 4.

Use of the transfer unit equations when multivalent ions
are presant 1is somewhat more involved than when only monovalent
ions are present because of the difficulties in integrating
the transfer unit equations when the equilibrium relationship is

not linear. With such systems an exact solution is obtained only

|1}

if the transfer—unit equations are integrated graphically over

the length of the dialyzer. However, an adequate technique in

many cases 1s to assume an average value for (m), the distri-

bution coefficient, and use the integrated equations shown above.
The transfer unit techniques are of significant value only

if values of HTUE and NTUR can be predicted from system para-

Table 2

Comparison of Predicted and Experimental
Values of NTU,, and NTU,,

Experimental Calculated

Run Nok Noe Noe Noe

1 .037 1.75 .037 1.75
2 .152-,180 1.33-1.56 .166 1.45
5 .400-.411 .907-,934 L4114 «939
4 .558~,642 .591-.690 .574 .609
5 .619-.823 .252-.335 .726 .296
6 .823 .097 .823 .097
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Points Calculated From
Proposed Function

NTU,

Experimentally Determined Points

L 0 NTU,,
A NTUqe
i i b a1 il Il N W W VO N T Y i [ )
1 1 R 16 100
mE
Figure 4

Comparison Belween Experimental and Predicted N1U's

meters. NTUE and NTUR values are equal to the overall NTU values
when the ion concentration at the membrane surface equals zero.
If laminar flow is assumed an analogy can be made between ion
flow from a dialysis solution and the flow of heat from a slab
to its surroudings when the resistance to heat flow at the

edge of the slab is negligible. Solutions to the equations de-
scribing a cooling slab under these conditions are presented in
many texts. A graphical representation of the solution is shown
in Figure 3 (9). Values for ion removal are given in terms of
the fraction of initial ion concentration remaining in the exit
stream and also in terms of NTU's. NIU values are calculated

using Eq. (8) and (9) which become under these conditions:

X
NTU, = ln(_l) (12)
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NTU

Concentiation in Raffinate
Concentration in Feed

i L L i — L

L 1
0.2 04 06 08 WO 12 14 16 18 290

_x6
X‘ rmz

5 :

FIGURE &
CALCULATION OF NTU VALUES FROM SYSTEMS PARAMETERS

72 .
NTU, = In{~= (13)
R (yl)
Definition of the terms necessary to use Figure 5 for dif-
fusion are as follows:
@ = interdiffusion coefficient of iocns in solutionm, cmz/
sec.
8 = residence time in dialyzer = membrane area x channel
thickness/volume flow rate, sec.
rm = channel thickness, cm
Due to the imexact construction of the dialyzer previously
described, the channel thickness and membrane area could not be
pracisely determined. For this reason, prediction of individual-
phase NTU values from equipment parameters is not possible in
this case. However, data gathered by Wallace (10) using a care-

fully constructed dialyzer is suitable for applying the proposed
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correlation. A similar heat transfer analogy had been propesed
by this investigator to degcribe his dialysis systems. The
dialyzer used by Wallace counsisted of five one membrane units
in series, each having a membrane area of 232 cmz. The channel
thickness of each unit was 0.03 cm. The membranes were "Amfion''*
C-103 cation selective membranes. Solutions of .0IM uranyl
nitrate and 3M nitric acid were run countercurrently through the
dialvzer. low rates of the nitric acid stream were sufficient-
ly high so that most of the resistance te transport can be assumed
to be in the phase containing the uranyl solution.

The interdiffusion ccefficient is determined using the

following equation for coupled diffusion (11):

o - a2V’ %s) (14)
ZADA + ZBDB )
where DA and DB are individual iom diffusion coefficients. The

diffusion coefficient ''D" for the hydrogen ion is found by applying
the following equation (15) (13) to ionic conductance data (14):
RTX

2
zF

D= (15)

where R is the gas constant, 8.314% joules/°k mole; F is Faraday's
constant, 96300 coul/gm equiv; T is temperature, °K, Z is valence;
and A is the ionic conductance, cmz/ohm gm equiv. The resulting
diffusion coefficient is 9.3 x J.O-5 cmz/sec. The diffusion

5

- 2
coefficient for the uranyl ion is approximately .5 x 10 cm/

sec (15).

The fraction of uranium remaining in the raffinate phase
was experimentally determined at three flow rates. The data is
shown in Table 3. Also, in this table are the predicted values
from the provosed correlation. The experimental and predicted
values are compared again in Figure 6.

A meaningful evaluation of the accuracy of the analogy as

*Trademark of the American Machine and Foundry Company
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4
5r Experimentat
X
6 -
2+l
g7 X" Predicted
8t /
X
9|
i L 1 L 1 1 1.
10 11 12 13 14 15 16
Flow Rate (ml./min)
Figure 6

Comparison of Experimental and Predicted
Values for Acid-Uranyt System

a design tool can be made only by comparing NTU values since NTU
values and predicted membrane areas are directly related. In
terms of transfer units and membrane area, the errvror is approxi-
mately 20%.
CONCLUSIONS
The transfer unit concept was shown to be useful in de-
scribing the ion transpert in Donnan dialyzers in which the

membrane's resistance to ion transport is relatively small

and where anion leakage and osmosis are negligible. Most dialysis

systems fit these criteria if dilute solutions are used.

Use of a heat transfer analogy was suggestaed as a wmeans of
estimating fon transport in dialyzers for which no data from
previous runs or membrane diffusivities are available.

The analogy was shown to yield acceprible results even
when one phase contained a concentrated electrolyte solution.
For manv situations, these techniques provide a simple means of
estimating the size and configuration of a Dounan dialyzer

required to accomplish a given extraction,

NOTATION
T concentration of the ith cation
D = individual ion diffusion coefficient
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= flow rate of the extract phase
= constant

= distribution coefficient

number of individual phase transfer urlits

= number of overall transfer units

= flow rate of the raffinate phase

= channel thickness

=, concentration of a component in the raffinate phase

= concentration of a component in the raffinate phase that
would be in equilibrium with with the extract phase

= concentration of a component in the extract phase

= councentration of a component in the extract phase woculd
be in equilibrium wirh the raffinate phase

=.valence

= interdiffusion coefficient

= residence time
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