DONNAN DIALYSIS CONCENTRATION OF CUPRIC IONS

MASAO SUDOH, HIroOsHI KAMEI AND SUSUMU NAKAMURA

Department of Chemical Engineering, Shizuoka University, Hamamatsu 432

Key Words:
Cupric Ion, Osmotic Water

Membrane Separation, Ion Exchange, Donnan Dialysis, Mass Transfer, Metal Recovery,

The concentration of cupric ion was studied with a flat-plate dialyzer having a single cation exchange membrane.
The exchange equilibrium constants were expressed as a function of the ionic strength of the bulk solution. The flux
of osmotic water was linearly proportional to the difference of ionic strength between the feed and the strip
solutions. The maximum values of the enrichment ratio obtained experimentally became smaller than those
calculated from the relationship of Donnan equilibrium. The experimental changes of enrichment ratio with time,
however, agreed well with the values calculated by using the measured values of physical properties of the
membrane, self-diffusion coefficients, distribution coefficients of ions, liquid film resistances and the flux of osmotic

water.

Introduction

Donnan dialysis, one of the most useful membrane
processes, is based on the Donnan equilibrium prin-
ciple.” In spite of its simple operation, Donnan
dialysis is a complex process accompanied by con-
centration polarization, the generation of diffusion
potential and so on. Applications of this process such
as separation and enrichment of valuable ions and
removal of heavy metal ions from waste water have
been studied by many researchers.?3:5~7:9712:14.15)
The transfer rate of ions across the membrane was
often simplified and arranged by the first-order rate
equation regarding the concentration of the con-
cerned ion.'*'> Mass transfer correlations in liquid
films were presented for a plate dialyzer® and a shell-
and-tube dialyzer with a tubular membrane.'V
However, the effects of mass transfer rate in the liquid
film, the flux of osmotic water and the distribution
coefficient in the membrane on the overall transport
rate of ions have.not been clarified so far.

The objective of this paper is to determine the
several factors mentioned above for concentrating the
cupric ion with a flat-plate dialyzer having a cation
exchange miembrane and also to clarify theoretically
the changes of enrichment ratio with time.

1. Theory

The following assumptions are made to introduce
fundamental equations.

(1) The -amounts of ions accumulated in the
membrane are negligibly small compared with total
amounts of ions in feed and strip solutions.

(2) The amount of co-ion included in the mem-
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brane is negligibly small compared with the ion
exchange capacity of the membrane.*

(3) The concentration changes of ions in a di-
alyzer are negligibly small compared with the con-
centrations of respective ions at the dialyzer inlet.**

Figure 1 shows a schematic diagram of Donnan
dialysis operated in a recirculating batch mode. The
concentration changes of ions in feed and strip so-
lutions with time are given by the following equations
(Appendix 1).

—d(V,C, »/dt=SJ, M
dC, ,/dt=2(—dC, ,/dt) 2)
d(VC,p)/dt=SJ, 3)
—d(VgC,p)/dt=25J, 4)

where ¥ indicates the total volume of the solution and
S the dialysis area of the membrane.

The flux J; of species 1 through the membrane is
expressed by the Nernst-Plank equation and an elec-
troneutrality constraint (Appendix 2).

J zi Ciu—Cip Om—1) In @m—1)C,+Q/2
175 2m—1  (2m—1)*" 2m-1)C,,+0Q/)2

5)

where symbols with the superscript bar refer to the

membrane phase.
The cation exchange equilibrium constant K is defined

* The concentration of co-ion included in the membrane was
respectively 0.080 kmol-m ™3 and 0.175kmol-m ™3 when the HCI
concentration was I kmol-m ™3 and 2kmol-m 3.

** For example, at g;=2.5x107°m3-s™?, the initial value of
J; was obtained to be 1.8 x 10" *mol-m~?-s~!. The concentration
change of the cupric ion in a dialyzer, calculated from Eq. (A-2),
was 2.88 x 107 kmol-m™3.
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Fig. 1. Schematic diagram of Donnan dialysis operated in
recirculating batch mode.

as follows.
K= C1 C%/(C1 C%) (6)

Since the co-ion is assumed to be excluded from the
membrane, the concentrations of hydrogen ions at the
interfaces of the membrane, C, , and C,p, are given by
the following equations.

CZA:Q_ZCIA (7)
CZB:Q_zclB (8)
The concentrations of cupric ions at the interfaces of

the membrane, C, , and C,, are derived from Eq. (6)
with Egs. (7) and (8).

~ 0[., KiClus {( KAC§As>2 }”2}
Coam—=| 1447248 _ Q{44724 )
M2 4C, 459 4C 1450

©)

~ _ Q. KsCips {( KBC%BS>2 }”ZJ
Cip=—|14+—"—""F—<1+———F1} -1
P2l T 4Cs0 4Cyps0Q
(10)
The fluxes of ions through the liquid films are as
follows.

Jr1a=kp1a(Cry—Cias) (1)
Jr2a=kpa(Cou— Caas) (12)
Jr18=ky15(Cips— Cip) (13)
Jrap=ky2p(Cops— Cap) (14)

The following relations are obtained in the pseudo-
steady state operation.

J1:JJ1A:_szA/2:Jf1B:‘Jf23/2 (15)

The volume changes of each solution with time are
related to the flux of osmotic water.

av,ldi=—J,5/p, (16)
dvyldt=J,S/p,, (17)

The experimental relationships of K and J,, as
functions of the ionic strength were used for the
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calculation. With the assumed values of C, 45, C, s,
C,psand C, g, C, , and C, , were calculated from Egs.
(9) and (10), respectively. J; was calculated from Eq.
(5) with C,, and C,p. Jpy 4, Jpa Jpip and Jp,p were
respectively calculated from Egs. (11)—~(14). The cal-
culation was repeated to good agreement of Eq. (15).
With the determined value of J;, Egs. (1)—(4), (16) and
(17) were solved numerically by using the Runge-
Kutta method and the changes of the concentrations
of ions with time were obtained.

It was confirmed that the concentrations of ions
at equilibrium calculated by the above procedure
without regarding osmotic water agreed with those
calculated from the relationship of Donnan equi-
librium.

2. Experimental

2.1 Equilibrium experiment

The membrane used in all experiments was a
strongly acidic cation exchange membrane Neosepta
C66-5T (Tokuyama Soda Co.). Various physical prop-
erties of the membrane, water content, dimensional
change due to swelling and the exchange capacity
were determined by ordinary procedures.” Two mem-
brane pieces (2cm x 2cm) were immersed in the so-
lution (1x10"*m~%), whose ionic strength was
changed by various concentrations of hydrochloric
acid and cupric chloride. The solution temperature
was kept at 298 K. The samples were allowed to
equilibrate for at least 24 hours. The sample pieces
were then separated from the solution and washed in
deionized water, and the surfaces of the pieces were
wiped with a filter paper. The equilibrating mem-
brane was thoroughly soaked with 1kmol-m™3
HCI solution (5x107°m?) to strip cupric ions.
After three hours, the membrane was soaked with
new solution. This procedure was repeated three
more times. The total amount of cupric ions in the
equilibrating membrane was calculated as the sum
of cupric ions in the strip solutions.

The concentrations of cupric and hydrogen ions
were determined by a chelatometric titration with
EDTA and by a titration of standard solution of
NaOH, respectively.

2.2 Determination of self-diffusion coefficients in
membrane

The dialyzer and procedure described in 2.5 were
also used here. The total volumes of feed and strip
solutions were each 0.001 m®. For determining D;, the
feed solution was 1 kmol-m~3 HCI solution contain-
ing 1.57x 10 3kmol-m ™3 cupric ion and the strip
solution was 1kmol-m ™3 HCI solution, while for D,
the feed solution was 0.1kmol-m™2 CuCl, solution
containing 103 kmol-m ~® HCl and the strip solution
was 0.1 kmol-m ™3 CuCl, solution.
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2.3 Measurement of mass transfer coefficient in liquid
film

The mass transfer coefficient in the liquid film was
determined by the limiting current method.®!¥ In
place of an end plate and a membrane, details of
which are described in Fig. 3, two copper plates were
installed in the dialyzer. The electrolyte contained
100 ppm Cu?* and 0.5kmol-m * H,SO, flowed into
the channel where a constant voltage was applied by a
potentiostat.

2.4 Flux of osmotic water

Figure 2 shows a schematic diagram of the ap-
paratus for measuring the flux of osmotic water. The
dialysis area of the membrane was 2.5 x 107 °m?. At
the dialyzer outlet, capillary tubes of 1 mm, 2mm or
3mm i.d. were installed on the same horizontal level.
After the tubes and the channel were filled with the
feed and strip solutions containing HCl solutions, the
flow was stopped and the cocks of tube outlets were
opened to air. The solution in the capillary tube
moved from the solution of low ionic strength to that
of high ionic strength. The flux of osmotic water was
calculated by using the rate of the solution moving in
the capillary tube.

2.5 Enrichment experiment

Figure 3 shows the detail of a Donnan dialyzer. The
dialyzer consisted of two end plates, a single mem-
brane of 0.04m? (20cm x20cm) dialysis area and
spacers. For a limited case to enhance the mass
transfer rate in the liquid film, polypropylene nets
were inserted in the spacers. The net (z-31), made of
strings 1.8 mm wide and 2.0 mm thick, had hexagonal
openings at 9-mm intervals and a maximum thickness
of 3mm, which was the same as the thickness of the
spacer.

Figure 4 shows a diagram of whole experimental
apparatus. The feed and strip solutions flowed coun-
tercurrently in the dialyzer at the same rates and
recycled to respective tanks. Total volumes of the
feed solution were 0.005, 0.01, 0.02 or 0.04 m3. Total
volume of the strip solution was 0.001 m>. The feed
and strip solutions used were 1.57 x 10" 2kmol-m 3
CuCl, (1000 ppm Cu?*) solution and HCI solution of
0.08-1.85kmol-m ™3, respectively. The liquid flow
rate was 2.5% 1073 m3-s ™! except for experiments to
clarify the effects of liquid flow rate on enrichment
rates.

3. Results and Discussion

3.1 Equilibrium constants

The physical properties of the membrane C66-5T
are listed in Table 1.

Figure 5 shows the relation between the distribution
coefficient 4; and the concentration C,; of the cupric
ion in the bulk solution at equilibrium. A, decreased
with increasing HCI concentration and C,. When C,
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Fig. 3. Detail of Donnan dialyzer.
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Table 1. Physical properties of Neosepta C66-5T

0.143 mm

0.137mm

2.39 mol -kg " *-dry Mem.

.94 kmol-m ~3-wet Mem.
6.32mol-kg !-H,0

0.378 kg-H,0 kg~ !-dry Mem.
1130kg-m~3

1110kg-m~3

Thickness (H-type)
(Cu-type)
Ion exchange capacity

Fixed ion concentration

Water content

Density  (H-type)
(Cu-type)

was relatively low, C, approached Q and 4, indicated
the constant value of 1, which was given by the
following equation.

Joy =Q*/(KC3) (18)

The broken lines in Fig. 5 were calculated from Eq.
(18) with the values of K, which were arranged as a
function of the ionic strength of the bulk solution
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Fig. 5. Distribution coefficient of cupric ion.

shown in Fig. 6. The following empirical equation was
obtained for the solid line in Fig. 6.

—log K=4.721"/210 1-081"" (19)

where the unit of  was kmol-m ™3,

The relation between K and I was similar to the result
for the membrane CMV by Kojima ez al.”
3.2 Estimation of mass transfer coefficients in liquid
films

The mass transfer coefficient k; in the liquid film
was calculated from the following equation.'®

k=1 /(2FC) (20)

where i, was the limiting current density, F the
Faraday’s constant and C the cupric ion concen-
tration. The values obtained were arranged by the j,-
factor.®

Ja=Sh/(Re-Sc'?) 2n

A diffusivity of cupric ion of 6.29 x 1071°m?-s™ 11 a
viscosity of 9.74x 10 *kg-m-s~! and a density of
1.034 x 103kg-m~* were used for this calculation.
Figure 7 shows the correlation between j,-factor and
Re number.

ji=0.132Re 0240
J,=0.664Re 0408

for no net (22)
for net z-31 23)

The value of j, for inserting nets was higher than that
for no nets since nets acted as a turbulence promoter
and enhanced mass transfer in the liquid film.

The values of k;, and k, at a certain flow rate were
calculated from Eq. (21) with physical properties of
the solution and ions and with the values of j,
obtained by Egs. (22) or (23). The diffusivities for
infinite dilution were adopted as the diffusivities of
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Fig. 7. Correlation between j,-factor and Re number.

~! and

ions in the solution, D;=7.46x 10"°m?-s
D,=931x10""m?s7 1,
3.3 Self-diffusion coefficients in membrane
Under the conditions described in 2.2, the transport
of respective ion through the membrane was sim-
plified to the diffusion of the single ion. For further
simplification, the distribution coefficient must be
constant in the concentration range of the present
work. The experimental conditions of 2.2 were selec-
ted to adopt the above criteria. Then A, indicated
10.5 and Ay, indicated 2.22. The self-diffusion coef-
ficient of species i was calculated from the following
equations with the apparent value D, (Appendix 3).

VAé 2CiA - CiOA

D.=— 24
b 20085t n Cioa 29
-1
=l (0 2 (25)

Aoi \Didoi Ky

Figure 8 shows the results of the arrangement of
Eq. (24). The values of D, and D, were obtained as
207x 107" m?-s7 1 and 1.86x 1071°m?-s™, respec-
tively.

3.4 Osmotic water

Figure 9 shows the relation between the flux of
osmotic water, J,,, and the difference of ionic strength
(Ig—1,). Since the flow rate and physical conditions
of each compartment were equal in this work, there
was no ilydrostatic pressure between the two com-
partments. The water transport might be caused by
the difference of osmotic pressure between the two
compartments. The value of (I;—1,) was used as the
value related to the difference of osmotic pressure. J,,
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Fig. 9. Relation between flux of osmotic water and differ-
ence of ionic strength between feed and strip solutions.

was proportional to the value of (Iz—1,).
J,=1.46 x 107 7(Iz—1,) (26)

3.5 Dimensionless time-dependent change of enrich-
ment ratio

Figure 10 shows the effect of liquid flow rate on the
enrichment rate. The solid line indicates the values
calculated with the conditions that intra-membrane
transport was the rate-determining step and that no
osmotic water existed. The observed enrichment ratio
approached the solid line with increasing liquid flow
rate and insertion of nets, and agreed well with the
calculated ratio by use of liquid film resistance and the
flux of osmotic water, described by various lines other
than the solid line.

Figures 11-13 show comparisons between the
observed enrichment rates and the calculated ones.
The value of «, is the ratio of the equivalent of the
hydrogen ion in the strip solution to that of the cupric
ion in the féed solution.!#

oo = VpoCaosl/(2V 10C10.4) (27)

From the charge balance, the condition of «q=1 is
required to exchange cupric ion with hydrogen ion.
The enrichment rate increased with increment of n
and a,. The solid lines were calculated with the same
conditions as those in Fig. 10. The broken and one-
dotted lines are respectively calculated values without
and with regard to osmotic water. The observed
values in Figs. 11-13 agreed well with the calculated
ones indicated by one-dotted lines.
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Fig. 10. Effect of liquid flow rate on enrichment rate. For
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Fig. 11. Comparison between observed enrichment ratio
and calculated one for «, of about 0.5. Solid lines are
calculated values when intra-membrane flux of ions is rate-
determining and without regarding osmotic water. Broken
and one-dotted lines are calculated values without and with
regard to osmotic water, respectively.
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The relationship of Donnan equilibrium was ex-
pressed as follows.

KA(C%A/CIA): KB<C%B/CXB) (28)

In simple calculation, the equilibrating concentrations
were obtained by the charge balance of ions and Eq.
(28) with K, =Kp, Ciop/Cro4=0 and Cy,/Coop=0.
The enrichment ratio obtained by the above calcu-
lation was almost the same as the maximum value of
solid lines in Figs. 10-13. This might be caused by the
small difference between K, and Kj in this work. For
. the experiment of n=40 and o,=1, the results of
K,=0.253 and Kz=0472 were obtained with
1,=0.0471kmol-m® and I;=1.256kmol-m~3, re-
spectively. The experimental values of maximum en-
richment ratio were smaller than the value calculated
from the relationship of Donnan equilibrium. The
difference between these values increased with in-
creasing n and og. This was due to the fact that the
HCl concentration in the strip solution increased with
increasing n and «, and the flux of osmotic water
increased.

Conclusion

The cation exchange equilibrium constants of cu-
pric and hydrogen ions were obtained as a function
of the ionic strength of the bulk solution. The maxi-
mum values of the enrichment ratio obtained experi-
mentally became smaller than the values calculated
from the relationship of Donnan equilibrium of Eq.
(28). The enrichment rate was found to be affected
by liquid-film resistance, the flux of ions through the
membrane and the flux of osmotic water. The flux of
osmotic water was found to be proportional to the
difference of ionic strength between the two solutions.
The experimental changes of enrichment ratio with
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time agreed well with the values calculated by using
the measured values of physical properties of the
membrane, self-diffusion coefficients, distribution
coefficients of ions, liquid film resistances and the flux
of osmotic water.

Appendix 1. Fundamental equation

The solutions were recycled from storage tanks to a dialyzer. The
mass balance of species 1 which moves through the membrane
and decreases in concentration is given as follows.

d(V,Cldt+d(V,C)ldt=—JS (A-1)

where the subscripts d and ¢ indicate a dialyzer and a tank,
respectively. The concentration change in a dialyzer is obtained by
mass balance in steady-state operation.

Cy—Cu=5SJig. (A-2)

Under the conditions of the present experiments, the relation of
C,=C, is obtained. By using the relation of C,=C, and
V=V,+V,, Eq. (A-1) is rearranged to the following equation.

AVC)dt=—~JS (A-3)

Appendix 2. lonic transport flux through membrane

When we assume that the diffusion flux of co-ion and the osmotic
water transport based on the difference of hydrostatic pressure are
both negligible, the transport flux of the ions i, J;, can be derived
from the following Nernst-Plank equation.

Ji=— DdCdx—z,C.DFNRT)dp/dx (A-4)

By also assuming no net electric current and the electroneutrality
constraint in the membrane, the following equation is obtained for
species 1.

Jy=—D{,dC [dx (A-5)

where the differential interdiffusion coefficient D, is
D,D,(4C, +C,)
 4C,D,+C,D,

Y

DIZ

(A-6)

By eliminating C, with the relation of C,=Q—2C, and by
integrating Eq. (A-5) with respect to x from 0 to é and C, from C, ,
to C,p, Eq. (5) is finally obtained.

Appendix 3. Calculation of self-diffusion coefficient

The flux J; of Eq. (5) was simplified under the conditions of C, ,,
Ci5<0.

Jy=(D,/8)(C;4—Cyp) (A-7)
For a constant value of distribution ratio,
Aoy = ClA/ClAS: Cl 8/Cips (A-8)

Since no osmotic water is transported, the flux J, can be derived by
combining Eqgs. (A-7), (A-8), (11), (13) and (15) with the relation
kfl = k/‘m = kfxB'

C,,~C
= 14 1B (A-9)
é 2
— +—
Doy kfl

By substituting Eq. (A-9) into Eq. (1) with the relation of
Ci +Cig=Cyg,for V=V, Eqgs. (24) and (25) are finally derived.
A similar procedure can be applied to species 2.

Nomenclature

a
C

Ci04/(Q/2) ]

concentration [mol-m ™3]
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{Subscripts)
0
1

40

= diffusion coefficient

= differential interdiffusion

coefficient [m?-s™!
= thickness of channel [m
Faraday’s constant

i

I

Il

il

liquid flow rate s
ionic strength m
limiting current density [A-m
ionic transport flux s

= mass transfer flux in liquid film

Il

[mol-m~2-s71]

= flux of osmotic water kg-m~2-s71]
Jj-factor [—1]
cation exchange equilibrium constant [—]
mass transfer coefficient in liquid film [m-s™1]
D,/D,, ratio of self-diffusion coefficient 1]

V 40/ Vgo» volumetric ratio [—

If

I

[mol-m ™ 3-wet Mem.

]
ion exchange capacity ]
[J-mol *-K™1

1
]
]

gas constant
2dU,p;/u., Reynolds number
dialysis area of membrane [m
u;/(p. D), Schmidt number
2dk,/D, Sherwood number [—]
temperature K]
time [s]
superficial liquid velocity in dialyzer 1
total volume of solution [m?]
coordinate of membrane thickness [m]
]

= charge number [—

= membrane thickness

il

I

= density of water

VpoCronl(2V 40C1o4), exchange equivalent
ratio

=l

potential

SD,1/(8V 4,), dimensionless time

C/C, distribution coefficient

constant value of distribution coefficient
viscosity of solution kg-m~':s
density of solution [kg-m~
[kg-m~

]
]
]
]

[_
[_
[_

3
3

]
]
]
]
]

initial value
cupric ion

2 = hydrogen ion

A = feed

B = strip

d = dialyzer

i = species i

S = interface of membrane
t = tank

w = osmotic water
{Superscripts)

= value in membrane
= apparent value
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