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Abstract

The present studies were undertaken to gain an improved understanding of the kinetics of

the ion exchange and ion-exchange-electrolysis operation. This report may be divided into
two general groups.

(1) Kinetic theories and experiments of ion exchange in fixed bed; new equations and
new data were obtained on cation and anion exchanges in the fixed-bed equipment. Simple
methods of separating the contributions of liquid- and solid-side diffusional resistances and of
calculating the height of the exchange zone within the fixed bed and the resin-utilization factor
were discussed. Based on the experiments, the SHERwooD number was found to vary with the

0.78 to 0.80 power of the RevynoLps number.

(2) Study on the ion-exchange-electrolysis equipment consisting of granular ion exchan-
gers and permselective ion-exchage membranes; first, two analytical methods, the modified
MaxwerL-Eucken’s model and octahedral model, were developed to calculate the apparent
conductance of ion exchangers-electrolytic solution suspension. Second, the general characte-
ristics of this electrolysis equipment were investigated. Especially fundamental equations were
derived for the ion-concentration gradient developed in the depletion compartment at the steady
state, as a function of feed-solution concentration, flow rate of depleted stream, applied voltage,

total current, electrolysis efficiency, specific conductances of ion exchangers, membranes and

solutions, particle-volume fraction, and cell geometry.
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Preface

In recent years the unit operation of ion exchange has found an increasingly large number
of uses in industry. Ion exchange is most often carried out in batch and fixed-bed equipment.
The unsteady state nature of the fixed-bed operations complicates the interpretation of the
mass-transfer mechanism involved.

Ion exchange is a case of exchange adsorption in which ions chemically bound within the
resinous phase are displaced in essentially stoichiometric proportions by ions initially in the
fluid phase. In a typical saturation operation, the column effluent is practically free of solute
until a state of complete saturation of the entire column is approached. After the complete
saturation, the effluent concentration increases rapidly toward the original feed concentration.
The region during the appearance of the concentration history (or breakthrough-curve) is of
major practical importance, and the ensuring derivations should be carried out in order especially
to calculate this portion of the entire concentration history. The breakthrough-curve can reflect
the exact behavior of the equilibrium isotherm if the equilibrium is either very favorable or
very unfavorable.

The theory of ion-exchange column exists, however, as a collection of special cases. Often
it is a major problem to locate the particular case that applies to a specific situation. Relation-
ships for the performance of fixed beds based on the assumption that equilibrium exists every-
where in the bed between solutions and resins have been developed by several investigators.
The rates of these operations to be controlled by the rate of diffusion in the fluid phase or
within the resinous phase or by the rate of the chemical reaction have been considered by
other investigators. Only a few investigators have considered the situation where diffusions
within both phases have a significant influence on the rate of exchange. One of the simplest
methods for correlating ion-exchange data in the fixed beds is the “exchange zone” concept
that the exchange takes place within a zone of constant depth and that this zone descends
through the bed at a constant rate, determined by the operating conditions. The majority of
methods devised by previous investigators for interpreting fixed bed data are either too cum-
bersome for design purposes.

This report begins with a qualitative survey of the various features affecting the working
and efficiency of ion-exchange columns.

Chapter 1, which requires some mathematical knowledge, gives a quantitative discussion
of the column process in the simplest .possible terms needed for a conception of the essential
mechanism of the most often required problems. In this chapter, simple analytical methods
are given for correlating experimental data when the equilibrium involved is favorable and the
resistances to diffusion within: -both the resin and solution phases are considered. As the
consequence of this development, simple equations are proposed for the calculations of the
mass-transfer coefficients, height of exchange zone and the column-performance efficiency (or
resin-utilization factor). '
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Chapter 2 applies author’s analytical methods to experimental results in the fixed-bed runs.

On .the other hand, the field of application of electrodialysis process is being broadened
considerably owing to the introduction of ion-permselective membranes into this process. If it
is possible to make the membranes ion-selective by application of a suitable ion-exchange
material, the current efficiency may be raised to almost 1009%. For this purpose the anodic
membrane should be permeable to anions only, and the cathodic membrane to cations only.
Today, the preparation of drinking water from brackish water or even from sea water by
means of electrodialysis approaches economic practicability.

The knowiedge gained from the desalting of saline water is of great utility in developing
a somewhat related scheme for the treatment of radioactive aqueous wastes. However, there
exist very important additional requirements to be encountered in decontaminating the radio-
active waters; first, the radioactive water should be almost completely desalted to remove most
of the radioactivity and second, the salt should be concentrated in as small a volume as possible

to reduce the cost of final storage.
In the recent past, an electrolysis cell, so called “ion-exchange-electrolysis equipment”

consisting of ion-exchange particles, permselective-ion-exchange membranes and electrodes, has
been developed for the radioactive waste disposal. Much interest has been shown in the use
of granular ion-exchange resins in conjunction with both the cation- and anion-exchange
membranes. By such electrolysis process, it becomes possible to regenerate a relatively large
quantity of ion exchangers in the salt form to the other form without the use of chemical
eluents.

In general, a strongly acidic ion exchanger and a strongly basic ion exchanger are ana-
logous to a concentrated, highly dissociated, electrolyte in which the mobile, or exchangeable
ion, is relatively free to move within the network of the immobile exchange sites. Therefore
it is worthwhile to apply some analytical methods to the over-all (or apparent) electrical con-
ductance of the suspension which consists of ion exchangers and salt solution. In comparison
with other unit operation, such as heat transfer, our knowledge of electrolytic conduction
through resinous phase is somewhat ambiguous because generalizations are often obscured by
specific interactions between the solute, solvent and resious phases.

Chapter 3 gives, however, simple methods for correlating data of the over-all electrical
conductances of the multi-component multi-phase systems. In author’s development, two ana-
lytical methods, the modified MaxweLL-EuckeN’s model and the octahedral model, have been
treated to replace experimental determination of the suspension conductance. Comparison of
the experimental data and analytical results indicates that the analytical methods are capable of
predicting the suspension conductance of the right order of magnitude.

Chapter 4 applies these two analytical methods to the design problem of the ion-exchange-
electrolysis equipment at the steady state. This chapter is broken in five sections, the outline
of this equipment, theory of ion-concentration gradient in the depletion compartment, experi-
mental determination of electrolysis efficiency, determination of concentration gradient and

calculation of cell resistance. Especially analytical equations, for the ion-concentration gradient
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in the depletion compartment, are obtained and examined experimentally by the use of radio-
active feed solutions.

The merits in the uses of the ion-exchange particles are due to the fact that the ion
exchangers serves the important function of providing a relatively high and nearly constant

conductivity for deionization over an extremely large conductivity range.

The author wishes to acknowledge the helpful advices and discussions of Prof. Nosoru
Nacasaro at Tokyo Institute of Technology, relating to preparation of this report.

The works were performed at Japan Atomic Energy Research Institute and Massachusetts
Institute of Technology.

The author would like to thank Prof. T. VErMEULEN and Prof. C. W. Tosias at University
of California for their comments on certain of the physico-chemical phenomena on which the
mathematical models of this report are based.

The encouragements of Prof. YosHITOSHI OvaMa, Prof. Suicerumi Funta, Prof. Koemon
Funaki, Prof. Kazuo Sato, Prof. Masuo Sumnpo, Prof. HIDETAKE Kakinana at Tokyo Institute
of Technology and Prof. Yuraka Yamamoto at Tokyo University are acknowledged.
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1. Kinetic Theory of Ion Exchange in Fixed Bed

It is apparent that .the net rate of ion-exchange will depend on the concentration of the
solution, the particle size of resins, the diffusion coefficients of the ions in the solution and
within the resin, the degree of cross-linkage of the resin and hence the reaction temperature.
In practice, all these factors are found to influence the rate in the manner anticipated; thus,
a high rate of exchange is achieved with a concentrated solution, flows of high rate, small
particles, small ions of unit valency, a highly cross-linked resin, and an elevated temperature.

The effective rate of ion-exchange within the column is determined by one or more of
several alternate diffusional steps:

(1) Ion transfer from the flowing fluid phase to the outer surface of the resin particle.

(2) Pore diffusion in the fluid phase within the resin particle.

(3) Chemical reaction at the phase boundaries or at active sites of the resin.

(4) Diffusion within the resinous phase.

(5) Molecular diffusion in the longitudinal direction of the column with extremely slow

flow rates.

Thus the theory of ion-exchange column exists as a collection of special cases. Often it
is a major problem to locate the particular case that applies to a specific situation. Relationships
for the performance of fixed beds based on the assumption that equilibrium exists everywhere
in the bed between solutions and resins have been developed by several investigators"'m'm.

The rates of these operations to be controlled by the rate of diffusion in the fluid phase
17,18,21) 1,9,12,13,21)

1,12,14,

or by the rate of the chemical reaction”> %

or within the resinous phase
122D have been considered by other investigators. Only a few investigators have considered
the situation where diffusions within both phases have significant influence on the rate of
exchange7' 13,18

Orne of the simplest methods for correlating ion-exchange data in the fixed beds is the
“exchange zone” concept proposed by Micuaers'™”. He assumed that the exchange takes place
within a zone of constant depth and that this zone descends through the bed at a constant
rate, determined by the operating conditions. The majority of methods devised by previous
investigators but MicuatLs for interpreting fixed bed data are either too cumbersome for design

purposes. Thus this chapter presents a simple method for correlating data when the equili-

e b 2T 5 TR 4 e R b b A T T Ve b ST b b bt T2 VTR e T Sy S S S AR R



2 Deionization Processes with Ion Exchange and with Electromigration JAERI 1038

brium involved is favorable and the resistances to diffnsion within both the resin and solution

phases are considered.

1.1 Equilibrium and Operation Behaviors

Ion-exchange processes may be regarded as chemical reactions between the dissolved
compound and the compound comprised of the resinous exchanger and the ion which it con-
tains. Therefore the resin is effectively an insoluble ion of opposite polarity from that which
it exchanges.

Stoichiometric equations for the univalent cation exchange may be described as follows:

M+ + XRx T X* + MRk (1.1)
For the univalent anion exchange this would be
A- +BRy,Z B~ + AR, (1.2)

In these expressions, M and A are the exchanging ions, X and B are the exchanged ions and
Ri and R, refer to the positively and negatively charged resin matrices, respectively.

There are great differences in the degree to which the exchange reactions for different
ionic systems tend to reverse. If at equilibrium the exchange is predominantly in the forward
direction, it would be designated a favorable equilibrium, if predominantly in the reverse
direction, it would be unfavorable. The case in which the tendency for the forward reaction

exactly equals that for the backward reaction is called a linear equilibrium.

Equilibrium Bahavior in Batch System

One of the most important properties of ion-exchange resins is that, in general, they show
some selective adsorption, i.e., they possess different affinities for ions. This selectivity may
be expressed quantitatively for a pair of univalent cations and a strongly acidic resin by the

equation

(M)p/(X)r_ g
EM]:/EX . KM rarx 1.3)

where (M) and [X)r are the amount of the two cations within the resin, (M)s and (X]s
are their concentrations in the solution, 7u and 7x are the corresponding activity coefficients,
and KM is the relative affinity of the two ions for the resin. If the solution is dilute and

then activity corrections may be neglected, Equation (1.3) leads to

 (MDR(XDs _ g
(e~ % (.4)

where K™, x is the stoichicmetric relative affinity-coefficient which is often termed the equili-
brium selectivity coefficient.
¥ (M) (M)s, (X)r (X)s and KMy are represented by ¢, ¢, E;—q, co—c and K,

respectively, Equation (1.4) turns into the equation

k=250 | o9
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The selectivity coefficient, K, is found to be approximately constant for a moderate change of
conditions such as the ratio (MJs/(X)s in the solution, the molarity of the solutions and the
nature of the anion of the salt in solution.

It is apparent that the active sites should be distributed throughout the resin matrix, since
the ultimate capacity of an ion-exchange resin is essentially independent on the particle size.

If the chemical reaction of exchange at active sites within resinous phase is extremely
rapid in comparison with the rate of diffusion, the step which limits the exchange rate may
conceivably be any or all of the following two:

(1) Ion transfer from the body of the fluid phase to the outer surface of the resin particle.

(2) Internal forward diffusion within the resinous phase.

Equilibrium and Operation Bahaviors in Fixed Bed System

The fundamental equilibrium and material-balance relations presented for the selectivity
coefficient in a batch system apply equally well to the resin-solution contact in a fixed-bed
system.

Now, it may be assumed that the selectivity coefhicient in the fixed bed is given by

K=T—) 1.6
F(E—7) (1.6
From the above equation,
e — g ¢o
= E—pKTT 0

The exchange zone within the fixed bed in reality moves downward through the resins.
MicuaeLs'® assumed that conditions within the exchange zone remain unchanged with time,
except during the initial period of the operation when the zone is being established. His con-
cept is believed to be completely rigorous only for the liquid-diffusion-controlled cases with
favorable equilibria.

It is experimental fact that the breakthrough-curves are sometimes encountered which
remain a constant shape on linear time plot, subject only to a displacement in total elapsed
time that is proportional to the total column length. In this case, all parts of the exchange
zone must move through the column at a constant rate.

Therefore, the following relations must be obtained for the constant pattern or constant-

exchange-zone movement.

V(co—c)dt = Au-dZ-0(E.—q) (1.8)

Veodt = AecdZ-0E, (1.9)
Thus an approximate relation for the operation line in the ion-exchange bed is given by

g _ €

E - ™ (1.10)

from Equations (1.8) and (1.9).
Consequently, the concentration of the jon in the solution in equlhbrxum with mean con-

centration of the ion within the resinous phase is represented by the equation

(*) This equation has been derived also by HiESTER and VERMEULEN'®,
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c
¢ K(l_—K—l L) (1.11)
K Co

which is derived by combining Equations (1.7) with (1.10).

E:
a “
< “o{\\) 5.0‘
= \"‘\\ 0*'0
N
@ ﬁ;‘\‘qe- ,\‘3,
RN N

2~ [ <
S E ¢ )
2% e
2 o } Qv"\ &
= -~ 19 o
= g
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=
=
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=
Uy
© g
-—
=
3
]
g
<

0 c* ¢ c o

Concentration of jon in fluid phase (meq. /cu.cm, solution)

Fig. 1 Equilibrium curve and operation line in exchange zone.

1.2 Exchange Rate and Mass Transfer

The ion exchange consists of the movement of the exchanging ions to the active sites
of exchangers, at the same time an equivalent number of the displaced ions moves out into
the fluid stream. Since the ion is diffusing from the fluid phase into the resinous phase there
must bhe concentration gradients in the direction of diffusion within each phase. In the fluid
phase, the diffusional resistance which the concentration gradient overcomes lies largely within
a thin laminar flm at the interface between the two phases. Under steady-state conditions,
for every amount of the ion which diffuses from the body of the fluid phase to the interface
there is also equivalent number of the ion which diffuses to the body of the fluid, where it
is carried away.

Now, two definitions can be made for the mass transfer from the body of the fluid to

the resin surface;
(1) In the unit volume of the packed bed, the mass balance may be given as follows:

3768 = A e dZ e PLe—c, ’
A dZ o AndZ+a, v (c—ci) (1.12)

From this equation, the mass-transfer rate is represented by

aq _ 1 Dueo
0= A(c ci)

a,' bu(c—ci)

= k' (c—c) , (1.13)

l

where
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=L .14
ke v 1.14)
r =30

a, - (1.15)
and

kLa, = av, kL (1. 16)

(2) In the unit volume of the net resin, the mass balance may be written as
379 — gz, Pr(c—e
A.+dZ r AnrdZ- a, Y (c—ci) 1.17

Therefore the mass-transfer rate is expressed by

99 _ 3P (c—c)

a4
=a, k.(c—c)
=k, (c—ci) (1. 18)
where
2, =2 (1.19)
To
and
k. = a. kL | (1.20)

On the other hand, an equation is made for the mass-transfer from the resin surface to
the body of the resin.
dg _
9 _p (q— .21
il 7) (1.21)
According to the definition (2), the equations of the mass-transfer rate for each phase may be

equated as follows:

.‘fg: b(e—c) (%) (1.22)
o a.29
where
kLn = kL a, (1' 24)
kSn = kS ay . . (1. 25)
and
a,= 3 (1.19)
To

if resin materials consist of whole spheres.
Under many practical circumstances in which adequate correlations of the individual mass-

transfer coefficient don’t exist, one may avoid some of the difficulty provided the equilibrium

(*) HIESTER and VERMEULEN have used the following equations for the mass-transfer rate!?,
(Liquid-side transfer)

_c‘_lg:_ kL (c—ci) %= Bra,’ (c—¢3) 5— =kra.(c—¢;)€E B (a)
(Solid-side transfer)
% porg—) =ks 26— D) - ' (b)

There exist some differences between author’s Equation (1.22) and HI STER’S Equation v(a){ .
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relationship is sufficiently simple. Consider a system whose equilibrium-distribution curve is
represented by the straight line over the range of compositions which need be considered, as
in Fig. 1. Over the linear portion of the curve between c¢* and ¢, the following equation may

be obtained.

g =q+dg=q+ 4 (1.26)
where
m =%£ - (g_e) (1.27)
c=c* c=c*
Combining Equations (1.5) with (1.27) yields
m=="o (1.28)
Furthermore substituting Equations (1.10) and (1.11) into (1. 28) gives
—_ (coflKE)  (x
m (1_K_1 i)z @) (1.29)
K Co

The values of the over-all mass-transfer coefficient usually employed are effective mean
values for the entire exchange process, although actually the instantaneous value changes with
time, as gradients build up within the resinous phase.

In many cases in which the liquid-side mass-transfer step primarily governs the rate of
ion diffusion, the over-all mass-transfer coefficient defined in the following equation is of great

utility.

dq :
Gl =Ki(e=c®) (1.30)

Since g—¢ =7—%2—(cl—c“‘), the over-all mass-transfer coefficient based on the liquid-side is given

by

1 _ 1 m
KLI - kl.a +k_SI (1. 31)

from Equations (1.22), (1.23), (1.26) and (1.30). It is clear that should # derived in Equa-
tion (1.29) show a reciprocal of the distribution factor which is the ratio of the concentration
within the resinous phase and that in the fluid phase, then

1 (1__&:]: E_)a
bi=—= K Co
1= GIKED (1.32)
Linear-lsotherm Case
If ¢ is extremely smaller than c,, Equation (1.32) reduces to the relation
E
0 = K&
0= K(Co) (1.33)

which shows the establishment of the linear-isotherm equilibrium in ion-exchange. In this

(*) Equation (1.29) can be derived by' differentiating Equation (1.7) in direct.
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case, the over-all mass-transfer coefficient may be given by the equation

11 )
K~ TEE ks (1. 34)

from Equations (1.31) and (1.29). This relationship is seen to be equivalent to the equations

. 7
derived by DrYDEN"’, GILLILAND > and Morson™.
b

1.3 Slope of Breakthrough-Curve

A general solution for the approach of a single resin particle to a condition of saturation
in a fixed bed has not yet been reported except HIESTERs treatment. A less exact treatment
is based on the assumptions proposed by GLUECKAUF, MicuagLs™, GiLiLAND” and others, in
order to indicate qualitatively the relative effects of internal and external diffusion.

In this section, however, the extent of saturation is averaged over the entire particle ;
and the rate of approach to complete saturation is taken to be proportional to the difference
between the extent of saturation at the outer surface of the resin particle and the average

extent of saturation within the resinous phase, such as in Equation (1.23).  Substituting

Equations (1.11) into (1.30) gives

di _ - K—=1 [;_c¢ 1
% - g Ky CO)————‘(l_K—l ) (1.35)
K Co

Since dg _E. de

dt ¢ dt (1.36)
Equation (1.35) turns into the equation

dln(ﬂ:ﬁ)

—_ c = — Lo K—l) 1

dt KL'(E,)( K (1_K—1 i) (.37
K Co

When the linear-isotherm equilibrium is established (c¢<co), the above equation reduces to

ﬂ;;i), = —KL.(%)E-KT—l (1.38)

in which K. is given by Equation (L. 34) and is independent on the concentration of the ion
in the fluid phase. Thus this equation may give a symmetrical breakthrough-curve and a
symmetrical exchange zone. This situation is analogous to the result derived by GILLILAND"
for the external diffusion controlling.

If the experimental values of ln(—c"T—‘—‘) are plotted against time, ¢,

(1) A straight line of negative slope, such as a line (A) in Fig. 2, should be obtained

only in the case of the linear-isotherm equilibrium.

(2) If a convex line such as a line (B) in Fig. 2 is obtained in plotting, the last term in

the right-hand side of Equation (1.37), 1 / (I—KI-{_ 1 —g—), contributes sufficiently to the mass-
[}

transfer.

SRVORIE R SRR TR SRR S i s v et orte RS
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(3) If a concave line such as a line (C) in Fig. 2 is obtained, it is apparent that indivi-
dual mass-transfer coefficients, %, and ks, are dependent on the concentration of the ion in
the fluid phase.

Tl
3
‘ (€)
(®) (A)
time,

Fig. 2 Relation of ln(cocc ) vs. ¢

Equation (1.38) or the line (A) in Fig. 2 is of use when the relative steepness of the
breakthrough-curve that increases with increasing the selectivity coefficient is extremely great.

On the other hand, the over-all mass-transfer coefficient, Ki, is related to the reciprocal
of the distribution factor as follows:

— kLa'kSl = kLn'kSu
Ko = gk, bt (ClKE) 4 (1.39)
: (1_K—1 _c_)z'”'
K Co

which is obtained by combining Equations (1.29) with (1. 31). Substituting Equations (1. 39)
into (1.37) leads to

d(C/Co) — Co kx.n'ks. (KK 1)%;(1—%) (1‘ 40)
d‘[} Er'V Es. -k (Co/K Er) Fra (1_ K—1 _€_) '
-5 2 Ko

which gives the value of the slope of the breakthrough-curve at any value of c/c,. A variable,

¢, that is, the volume of saturating fluid that has reached resins at a volume w downstream
from the column inlet is given by ¢=0—ew=V¢: @ is the total volume of feed that has
entered the column ; £w is the void volume of the column; and V is the volumetric flow rate
of fluid through the column.

Separation of Liquid- and Solid-Side Diffusional Resistances

This section will 'suggest a simple method of separating the contributions of uquxd- and
solid-side diffusional resistances. If the experimental values of slope of the breakthrough-curve
are determined at several z-values, the contributions’ of the individual mass-transfer coefficients,

B and ks, may be readily separated.
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Equation (1.40) is given also by

dr _ [(A) g _ [(A)[_ Prks
ag -~ v K= [ksa-l-[B] km.] (1. 41)
where
w=(3) () e a2
) (1“7:—‘5)
EBJ=K( (‘;é]i'i ) =m (1.43)
1-— —
K
and
z =X (1. 44)
Co

If the function (A) is calculated against a specified z-value and a slope, dz/d¢, is determined
experimentally, an over-all mass-transfer coefficient, K., may be evaluated from Equation (1.41).
In this case, it is apparent that Ki. is dependent on the ion concentration, ¢, or ion-concent-
ration fraction, z.

Since the over-all mass-transfer coefficient is related to individual coefficients bysthe equation

1 1.1
ot P (1.45)

if experimental values of 1/Ki. are plotted against (B), a straight line should be obtained such
as in Fig. 3, provided that k. and ks, are not significantly affected by concentration. The
intercept of the line will indicate the liquid-side diffusional resistance, 1/k., and the slope will
be governed by the resistance within the solid phase.

—\slope= 1/k,.

I/Ki.a

intercept =7—

kL-

(B)
Fig. 3 Effect of function [B) on the reciprocal of K.

1.4 Equation of Breakthrough-Curve, Height of Exchange Zone and
Utilization Factor

In order to simplify the calculation procedure, it is convenient to define some of the terms
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in Equation (1.40) as follows:

_K—1
B=22

m° —( Er)

The Equation (1.40) leads to

dx _ Cokra Rsa B(l—Bx)x(l——-x‘)
ZZ[; E-V [ksa(l—BI)z-i-kLaﬂzo :l (1 47)

It is possible to obtain a relationship between x and ¢ by solving the above equation. Only

(1. 46)

when K, k.. and ks, are independent on the concentration of the ion in the fluid phase,

Equation (1.47) may be integrated definitely to give

I (%) (D 2+ (112 =kk(%)§”7 (1. 48)
where
1 K, (1— 1—Eta,
2 __ ﬁ —_ — X2 K ©
(1 _K—11“(z,) K—1ln(1—xl)+ln _K-1 (1.49)
g =
and
o K (3:_2)__1__ (,l,:zc_e)
M =gz 7= "= (1.50)

Here, z; and z. denote the concentration fraction at a breakthrough-point and that at an
exhaustion-point (see Fig. 4), but these limits may be arbitrarily chosen. Notation (a1 shows
the volume of effluent accumulated during the appearance of the breakthrough-curve.

Equation (1.48) gives the breakthrough-curve in the fixed-bed operation, if z. changes in
the range 122>, Especially the last term in the right-hand side of Equation (1. 49) makes
the breakthrough-curve asymmetrical.

In MicHAELS' cocept the exchange zone is defined as that region of the fixed bed in which
the solution concentration changes from 95% to 5% of its value in the feed solution.

Quantities of (1),% and (II),* which are determined only by K, z and z: seem to give
the number of solid-side-transfer units and the number of liquid-side-transfer units within the
exchange zone.

GLUECKAUF already obtained the following formula about the number of solid-side-transfer

1.0

< le: __________________________
2 ]
B exhaustion
R

S\

9 Q

=

sl

R

8

£5

ER breakthrough

-

=

I =

¥1

O -

Effluent volume{cu. cm)

Fig. 4 Typical breakthrough-curve for favorable equilibrium .
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.. 8
units ).

1 c2(co—c1) (60—61)
K——lln{ Cl(Co—Cz)} +ln Co—C2

K——lln(xl =1\, (1.51)

Between Equations (1.49) and (1.51), there exists a slight difference, the last term in the
right-hand side of Equation (1.49), which is seen to be neglisible if K approaches unity. On
the other hand, MicHAELS proposed a formula in agreement with Equation (1.50) about the
number of liquid-side-transfer units™.

Now, one may assume the following relation, as well as Equation (1.9), under the condi-

tion that all parts of the exchange zone move through the column at a constant rate.
hee A OE, = ¢o P (1.52)

where Az denotes a height of the exchange zone within the fixed bed. Combining Equations
(1.48) and (1.52) gives

he = hes+heL (1.53)
where
U €¢o 2 :
s =1 (GE) (W, (1. 54)
and
=" 1.z
heL WD) (113, (1.55)

At the breakthrough point, the exchange-zone height, hg, is still in the column at the bottom,
but the rest of the column, kr—hz, is substantially saturated. Therefore the fractional approach

to saturation of the column at the breakthrough point is represented byzo)

p == L=5he (1.56)

k'r

where € is a fractional ability of the exchange zone to the absorb solute and is often assumed
to be one half in practical cases. Substituting Equations (1.53) into (1.56) yields

B ()=

K—1

11—z,
Jid u K (.52_)__ 1 (1——.7:2)
I 1

1.5 Approximation of Solid-Side Mass-Transfer Coefficient

First, it is assumed that (1) the ion-exchange resin consists of the uniform electrolyte, (2)

the interfacial area of a single resin particle maintains constant during ion-exchange, (3) a
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single resin particle holds a whole sphere, (4) the driving force for the ion diffusion is given
by g;—q, and (5) the ion concentration within the resinous phase is represented by

' g=a+br™ (1.58)
According to the above assumptions, the mean concentration of the ion within the resinous

phase and the ion concentration in resin side at the resin-fluid interface are given by

7 = (@tbrm aarar[Sars
(1]

3
= - m 1.59
a+(3+m)br° ( )
and

g = a+brs™ (1. 60)
respectively. Since the concentration gradient at the resin-fluid interface is written in

.Ei_q‘ = bmry™! (1 61)

dT To .
it is apparent that

—g =9a| _1o (1. 62

=9 =g |vo 3%m (1.62)

On the other hand, a boundary condition on the ion transfer at the resin-fluid interface
may be established as follows:

L %‘g;=4nro=os%§ . (1.63)
When Ds is independent on ¢, § and ¢, combining Equations (1. 62) with (1.63) yields
fg - 3(31_:?_.’")03(%—(7) (1. 64)
Thus the solid-side mass-transfer coefficient may be given by
b =3@4MIp, (1. 65)

The accurate value of the parameter 2 involved in Equation (1.65) should be determined
by experimental treatments, but some alternative development for determination of m-value
will be possible with assumptions already described. The ion diffusion within a spherical-
homogeneous-resinous-exchanger particle may be expected to follow the differential equation
DR, oo
The solution of the above equation is somewhat facilitated by a change of variables, but this
is not necessary and will not be done here. It is now assumed that the solution of Equation
(1.66) is of the form

g=R() 7 (1.67)
Substituting Equations (1.67) into (1.66) leads to

R'(r), 2R'() _ 1 @) __
R(r) "rR(r) Ds t()

where @ is a constant. Two equations result from Equation (1.68).
r2R"(r) +2r+R'(r) +a*r*R(r) =0 (1.69)
' (t) +Dsa?t(2) =0 (1.70)

(1.68)
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Equation {(1.69) is one form of BESSEL’s equation and has a solution of the form
-1 -6
R)=ar ] ater " J_ ar (if a%0) (1.71)
However, the BesseL functions of half order may be expressed in terms of sines and cosines.
Then Equation (1.71) may be written in the form
R(r) =L/ 2 (A, sin ar+ A4, cos ar} (1.72)
r¥ ar

where A,=0 under the boundary condition in which 0R(») [0r=0 at r=0.

If ar is smaller than unity, Equation (1.72) turns into

R() =/ 24 EPrir‘:.l/%Al (e~ o) (1.73)
Substituting Equations (1.73) into (1.67) yields
a=4/ 2 a, (a—%)t(t) =F(r)T() (1.74)
and then it follows that from the relation of Equations (1.58) and (1.74)
q(t, r) = a@®)+b()r? (1.75)
and
=2 (1.76)

Consequently, from Equations (1.65) and (1.76), the solid-side mass-transfer coefficient may be

expected to follow the simple equation

ks = 22D; (1.77)
o™
GILLILAND and BADDOUR”, in their calculation of mass-transfer, have already used
ks = 2D, (1.78)
o™

which is obtained with an assumption that the concentration gradient within a spherical par-
ticle is linear., Expressions of Equations (1. 77) and (1.78) indicate that the solid-side resistance

should be proportional to the diameter squared.

Notation

a, =area of outer surface of resin particles having unit volume (except void volume) (=3/
o), Sq. cmfcu. cm
a,! =area of outer surface of resin particles involved within unit volume of column (=30/r),
sq. cm/cu. cm
A, =cross-sectiopal area of column, sq.cm
B =function of K (cf. Equation (1.46)), dimensionless
¢ =concentration of ion in solution, megq./cu.cm, solution
co=concentration of ion in feed solution, megq./cu. cm, solution
¢, =concentration at breakthrough, or concentration of ion corresponding to lower limit of

exchange zone; for example, ¢;=0. 01 ¢o, meg./cu.cm, solution
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¢s=concentration at exhaustion, or concentration of ion corresponding to upper limit of
exchange zone ; for example, ¢c;=0. 99 ¢, meq./cu. cm, solution
¢;=concentration of ion in fluid side at resin-fluid interface, meq./cu. cm, solution
* = concentration of ion in solution in equilibrium with mean concentration of ion within
resinous phase, ¢, meq./cu. cm, solution
D, =diffusivity of solute in fluid phase, sq.cm/sec
Ds=diffusivity of ion within resinous phase, sq.cm/sec
E.=ion-exchange capacity of resin, megq./cu. cm, moist resin
oE,=ion-exchange capacity of resins involved within unit volume of column, meg./cu. cm, bed
hz=height of exchange zone within bed (=hes+hn), cm
her=function of (II],® (cf. Equation (1.55)), em
hss=function of (I),® (cf. Equation (1.54)], cm
hr=total bed depth, cm
B,=distribution factor, or ratio of concentrations within resin and fluid phase, dimensionless
B0 =distribution factor at linear-isotherm equilibrium, dimensionless
k. =liquid-side coefficient of mass-transfer, cm/sec
ks=solid-side coefficient of mass-transfer, cm/sec
kr.=liquid-side capacity coefficient based on mass-transfer in the unit volume of the net
resin, 1/sec
.’ =liquid-side capacity coefficient based on mass-transfer in the unit volume of the packed
bed, 1/sec
ks, =solid-side capacity coefficient, 1/sec
K =equilibrium selectivity coefficient, dimensionless
K., =over-all mass-transfer coefficient (capacity cocfficient) based on liquid side, 1/sec
m =reciprocal of distribution factor, dimensionless
m® = reciprocal of distribution factor in linear-isotherm case (cf. Equation (1.46)], dimension-
less
m =power of r indicating concentration gradient within resinous phase, dimensionless
g =concentration of ion (at any point) within resinous phase, meq./cu. cm, resin
gi=ion concentration in resin side at resin-fluid interface, meq./cu. cm, resin
g =mean concentration of ion within resinous phase in equilibrium with concentration of
jon in solution, ¢*, meq./cu. cm, resin
r =distance from center of resin particle to any point within resinous phase, cm
ro =radius of moist resin particle, cm
t =time, sec
u =actual superficial flow rate of fluid through fixed bed (=wv/fg), cm/sec
» =superficial flow rate of fluid through an unpacked column of the same diameter (=V/
A.=¢u), cm/sec
V =volumetric flow rate of fluid through fixed bed (=¢/t), cu. cm/sec
z=dimensionless solution concentration (=c/c,), dimensionless

x, =dimensionless solution concentration at breakthrough, or dimensionless concentration of -
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ion corresponding to lower limit of exchange zone; for example, z,=0.0L, dimensionless
z,=dimensionless solution cocentratinn at exhaustion, or dimensionless concentration of ion
corresponding to uper limit of exchange zone; for example, x;=0.99, dimensionless
Z =any position in fixed bed, measured from the top of the column, em
{A) =function of K and z (cf. Equation (1.42)], dimensionless
(B) =function of K and z (cf. Equation (1.43)), dimensionless
(I),2=function of K, z, and z: (cf. Equation (1.49)], similar to the number of solid-side-
transfer units within the exchange zone, dimensionless
(II),?=function of K, z;, and z, (cf. Equation (1.50)), similar to the number of liquid-side-

transfer units within the exchange zone, dimensionless

Greek Letters

A =effective thickness of liquid film, cm

£ =void fraction, or ratio of void space outside resin particles to total volume of packed
bed (=1-—0), dimensionless

7 =resin-utilization factor, or degree of bed saturation at breakthrough, dimensionless

£ =fractional ability of ion-exchange zone to adsorb solute, dimensionless

o =particle-volume fraction, or ratio of particle volume to total volume of packed bed (=1
—e&), dimensionless

¢ =volume of saturating fluid that has reached resins at a volume w downstream from the
column inlet (=®@—ew=Vz), where @ and w denote the volume of feed solution entering
the column and bulk-packed volume of the column, respectively, cu.cm

¢ =volume of effluent at breakthrough, cu.cm

¢.=volume of effluent at exhaustion, cu.cm

¢y =volume of effluent accumulated during the appearance of the breakthrough-curve ( =,

—¢), cu.cm
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2. Experiments of Ion Exchange in Fixed Bed

This chapter applies author’s analytical methods already described in the previous chapter
to results obtained experimentally. Both the cation and anion exchange beds were chosen for
simplicity.

Available data on the effect of changing particle size, flow rate and temperature were
correlated, since these variables are basic to the operation of the ion-exchange bed. Data for
the exchange of the regenerated resins with 0. 1N solutions of sodium chloride were correlated
and the SHERwoOD number was found to vary with the 0.78 to 0.80 power of the REYNoLDs
number. The methods for calculating the height of the exchange zone within the fixed bed
and the resin-utilization factor were discussed with data obtained in this study.

2.1 Experimental Procedure and Apparatus

Preparation of Resins

A strongly-acidic-cation-exchange resin, Amberlite IR-120, and a strongly-basic-anion-ex-
change resin, Amberlite IRA-410, were selected as the cation exchanger and anion exchanger,
respectively. The exchange materials which consist of whole spheres were prepared for the
fixed bed and the batch runs. Measurements of particle size were made with cation exchangers
in sodium form and with anion exchangers in chloride form in the presence of distilled water
by using a microscope. Most of the resin particles have a diameter within about 10% of its

average value for all sizes.

Selectivity Coefficients

The selectivity coefficients, defined by Equation (1.5), were determined at four different
concentrations and at two different temperatures. Several experiments were conducted in which
various volumes of the acid form of Amberlite IR-120 and of hydroxyl form of Amberlite
IRA-410 were placed respectively in 0.5 liter of 0.001N to 1.0N sodium chloride solutions

contained in 1-liter flasks located within a constant-temperature bath.
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Both the solution and resinous phases were analysed after equilibrium. The concentrations
of hydrogen and hydroxyl ions in the solution were determined by standard titration procedure.
The concentration of the sodium ions was assumed to be the difference. Also the concentration
of sodium ions was determined by titration against standard 0. 02 N silver nitrate with dichloro-
fluorescin used as an adsorption indicator. Titration were performed in solutions of 0.003 N
sodium chloride or higher in concentration. More dilute solutions were concentrated by eva-
poration procedure in the presence of nitrogen or argon streams.

Thus the results of the selectivity coefficient are shown in TaBLe 1.

TABLE1 Selectivity Coefficients!?®

Amberlite IR-120 1 Amberlite IRA-410
Reaction Na*+RgH = H¥+RkNa .CI-+RAOH ZOH-+RaCl
Temperature, °C 15 35 : 15
Solution Solution Solution
normality K normality K ‘ normality K
0.00101 1.63 0.00102 | 1.75 0.00104 1.70
0.0102 1.57 0.0101 1.70 0.00994 1.62
0.100 1.48 0. 0998 1.64 0.101 1.51
0.998 1.40 1.01 1.59 0.998 1.45
Average 1.51 1.67 1.57

Exchange Capacities of Resins

Resins were placed witin small glass tubes, rinsed, and treated by passing a large excess
of sodium chloride solution through them. Titrations of the effluent with standard caustic
solution and with standard hydrochloric acid solution gave the hydrogen-ion content of cation
exchangers and hydroxyl-ion content of anion exchangers at equilibrium, respectively. Then
the saturated resins were regenerated with a large excess of acidic solution or with a large
excess of basic solution. An excess of sodium chloride solution was again passed through the
cation bed and the anion bed, and the acidity and basicity were determined by titration.

These acidity and basicity are equivalent to the total exchange capacity of the cation
exchanger and of the anion exchanger, respectively.

The results of exchange capacities are shown in TABLE 2.

TABLE2 Exchange Capacities!®
(Particle~volume fraction: ¢=0.G)

Amberlite IR-120 Amberlite IRA-410
Temperature, °C 15 35 15
Exchange E., meq./cu. cm, resin 3.45 3.42 1.70
Capacity ¢E,, meq./cu.cm, bed 2.07 2.01 1.02

Diffusion Coefficients

Room-temperature coefficients of moderately cross-linked exchangers are shown such as in
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Taste3 Diffusion Coefficients of Moderately Cross-linked Exchangers

Investigator‘! {.&;eera- Resin name or resin content Solute Ds(lo:g’. cm/sec | Temp. or DVB
(16) Amberlite IR-1 (cation) 2.1 30°C
SPIEGLER amn Nepton CR-51 (cation) NaCl 1.02 23°C
(15) Dowex-50 (cation) 2.0~3.0
GILLILAND (6) Dowex-50 (cation) _ NaCl 2.0~2.5 DVB: 12%
3) Sulfonated polystyrene NaCl 0.94 DVB: 8.6%
divinylebenzene type resin 1.46 DVB: 4%
[+]
Bovp @ Dowex-50 (cation) H:0 1.4 3‘;8
L o
@) | Dowex-2 (anion), DVB: 6% NaCl 0.3 25 S
DESPIC 4) Polymethacrylate (catlon) NaCl 3.5~5.6
TETENBAUM| (18) Dowex-50 (catlon) KCl 4.7 DVB: 12%
GLUECKAUF N Zeo Karb 225 (catlon) i\(l)rxllivalent- 0.3 Room-temp.

TasLe 4 Diffusion Coefficients of Resins used in

this Study
Ds (10F), sq. cm/sec
Temperature, °C . 15 35 B
Amberlite IR-120 (cation) 2.0 3.2
Amberlite IRA-410 (anion) 1.0 —

TaBle 5 Diffusion Coefficients and SCHMIDT Numbers
in Fluid Phase!?

Temperature, °C 15 35
Dy, (108), sq.cm/sec 1.20 1.92
Se=t/p D 950 376

Tase 3. However, under many practical circumstances in which accurate data of diffusivity of
the designated ion within resinous phases do not exist, it is assumed that the useful values of
Ds are given in TasLe 4 whose data have been obtained in author’s previous work. Furthermore

the diffusivity of the solute in fluid phase and the ScuMmT number are given in TABLE S =

Fixed Bed Experiments

All the fixed-hed runs were made in which sodium chloride solutions were passed through
a bed of hydrogen form of Amberlite IR-120 and through another bed of hydroxyl form of
Amberlite IRA-410.  All solutions were introduced by siphoning from bottles located about
2.5 meters above the ion-exchange column. The flow rate was adjusted approximately using
distilled water, and then the two-way stopcock was turned to admit the salt solution. '

Samples of the effluent were taken according to a predetermined schedule. For most runs
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these samples were about 5cc in volume. Sample volumes were determined by weighing, and
the entire sample was titrated with standard caustic solution or standard hydrochloric acid
solution using suitable indicators. The flow rate was determined by dividing the volume of
solution necessary for the main part of the breakthrough-curve by the time required for this
volume to flow through the column.

Fig. 5 is a diagram of the experimental equipment. The storage part, composed of poly-
ethylene bottles, has a capacity of 40liters. The bottles were charged by filling with deionized
water after addition of the calculated quantity of sodium chloride to the bottles. Complete

homogenization was checked initially by conductivity measurement and verified by titration.

I\

Legend

a : Polyethylene bottle containing feed
solution

: Preheater

: Inlet for electrolytic solution

: Inlet for distilled water

: Two-way stopcock

: Side-arm hose for flushing out air
bubble

: 30 mesh glass spheres

: 100 mesh screen

: Thermometer

: Resin particles

: Water jacket

: 200 mesh screen

: Fraction collector

: Circulating pump

: Constant-temperature bath

: Refrigeration unit

-0 Lo o

(=D

MO0 8 B — R e = 5l

Fig. 5 Diagram of experimental equipment

The cation-exchange unit consisted of a 1.2cm pyrex-glass-pipe column, 60cm long and
anion-exchange unit consisted of the same diameter column, 100cm long. A fritted glass
disk of about 200 mesh was sealed into the bottom of the column and served as a resin sup-

port. Furthermore a water jacket enclosed the exchange unit, and a preheater unit consisting
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of glass coil and jacket served to bring feed solution to desired temperature.

Water from the constant-temperature bath was pumped to the water jacket of the exchange
unit and then into the preheater jacket, and turned to the bath. The temperature-constant
bath contained a refrigeration equipment. Close temperature control within the bath was
obtained over a wide temperature range, 5°C to 45°C. Temperature control in the jacket of
the exchange unit was maintained within ==0.5°C of desired temperature.

A weighed charge of resin was added to the exchange unit containing a minimum quantity
of water. After the bed was charged and temperature in the water jacket was brought to
desired value, the salt solution was introduced through the preheater into the exchange unit.
Runs were continued in all cases until ¢/c, became unity. For each particle size, runs were
made at various flow rates using 0. 1N sodium chloride solutions. Temperature in the exchange
unit were selected as 15°C and 35°C for the cation exchange, and 15°C only for the anion

exchange.

TaBLEé Operation Conditions in Cation-Exchange-Bed Runs
(Temperature : 15°C)

Volumetric Superficial velo- REYNOLDS
Test velocity, city (unpacked) number,
V, cu.cm/sec v, cm/fsec dov olp
do=0.105cm
1 0.0523 0.0463 0.54
2 0.119 0.105 1.22
(A) 3 0.410 0.316 4,20
4 0.659 0.582 6.77
5 1.02 0. 896 10.5
dy=0.074 cm
1 0. 142 0.0922 0.756
2 0.320 0.283 2.32
(B) 3 0.762 0.674 5,54
4 1.13 0.997 8.19
5 1.76 1.57 12.8
dp=0.056 cm
1 0.206 0.182 1,13
2 0.518 0.459 2.85
(C) 3 1.06 0.891 5.64
4 1.39 1.23 7.64
5 2.30 2.04 12.5
do =0.041 cm
1 0.296 0.262 1.19
2 0.582 0.515 2,34
(D) 3 0.982 0.823 3.74
4 1.86 1.65 7.50
5 2.66 2.35 10,7
do=0.027 cm
1 0.0957 0.0847 0.254
2 0.590 0.521 1.56
(E) 3 1.17 1.04 3.12
4 2.99 2.63 7.89
5 3.48 3.08 9.24
Other data : Volume of resins: 60 cu.cm

Bed depth: Ar=53 cm
Diameter of column: 1.2cm
Cross-sectional area : Acs=1.13sq.cm
Void fraction (measured): €=0.4
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2.2 Correlation of Cation-Exchange-Bed Results

Taste 6 and Tasle7 summarize data of the operation conditions in the cation-exchang-bed
runs for the various particle sizes versus the superficial velocities.

Columns of ¢' (=¢—¢,) in Tase8 (A) to Taee9 (H) show the volume of effluent after
breakthrough (c;=0. 01 ¢,) for each operation condition, and then the breakthrough-curve may
be obtained by plotting x against ¢’. On the other hand, columns of dzld¢ in same tables
give the slope of breakthrough-curve, which has been graphically determined. Thus the
over-all mass-transfer coefficient, Ki,, may be evaluated from Equation (1.41) using [A)-values

(in TaeLe 10) which were calculated from Equations (1. 42).

Determination of Indivisual Mass-Transfer Coefficients

Since the over-all mass-transfer coefficient is given by Equation (1.45), if experimental
values of 1/K;, described in Taste8 (A) to Taste9 (H) are plotted against (B)-values in TaeLe10,
straight lines should be obtained when indivisual mass-transfer coefficients are independent on
the fluid concentration.

Fig. 6 gives the results of the application of this method to the data obtained under the
conditions of (A)-1 to (A)-5. Thus intercepts and slopes of straight lines indicate the reciprocal
of k.. and the reciprocal of ks, respectively. Columns of ks, and k. in TaBLe11 and TABLE1Z

show results of ks, and k.. calculated graphically for all conditions.

TABLEZ Operation Conditions in Cation-Exchange-Bed Runs
(Temperature : 35°C)

Volumetric Superficial velo- -
Test velocity, city (unpacked), REYNOLDS number,
V, cu.cm/sec v, cm/sec dovpl
do=0.074cm
1 0.0635 0.0562 0.732
2 0.139 0.123 1.60
(F) 3 G.518 0.458 5.96
4 0.884 0.783 10.2
5 0.919 0.813 10,6
do=0.056 cm
"1 0.102 0.0905 0.892
2 0.156 0.138 1.36
(G) 3 0.612 0.542 5.34
4 0.772 0.683 6.73
5 1.09 0.961 9.47
dp=0.027 cm
"1 0.151 | 0.134 f 0.637
2 0.432 l 0.382 § 1.82
(H) 3 0.673 ! 0.596 ‘ 2.83
4 1.11 ‘; 0.983 4.67
5 1.72 | 1.52 i 7.22 -
Other data: Volume of resins: 60 cu.cm

Bed depth: Ar=53 cm

Diameter of column: 1.2cm
Cross-sectional area: Acs=1.13sg.cm
Void fraction (measured): €<0.4
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TABLE8(A) Cation-Bed-Exchange Data for Test (A)
= 1005] 0.10 |0.20] 0.30 |0.40| 0.50 |0.60| 0.70 [0.80 | 0.90 |0.95|0.99
' (A)-1 R
! 107 | 176 207 | 230 | 267 | 291 | 314| 339 367 | 411 | 451 536
dzdd(10%) 1.40 3.45 4.30 3.79 1,71 ~
Ia 0.800 0. 0787 0. 0764 0. 0734 0. 0700
v ! 5 .
! 152 | 246 204 | 341 381 | 416 450 | 487 531 | 597 | 657 | 791
dz|dd(10%) 0.988 2.39 2.93 2.53 1,12
T 0.129 0.124 0.118 0.111 10.104
(A)-3
’ 281 | 444 548 | 637 714l 783 | s51] 928 |1020| 1161 | 1292 | 1586
dz|dd(10°) 0.527 1.237 1.46 1.22 0.51
Kl 0.237 0.221 0.202 0.185 0.165
(A)-4
’ 375 | 585 733 | e54 | 959 | 1054 |1149| 1256 | 1385 | 1585 | 1771 | 2193
dz|dd(10°) 0.394 0.911 1.05 0. 870 10.362
Lo 0.284 0.261 0.236 0.212 10.187
(A)-5
o’ 501 | 771 081 | 1144 | 1287 | 1417 | 1546 | 1696 | 1877 | 2158 | 2420 | 3018
dz|dd(10%) 0.296 0.672 0.775 0. 625 0.256
e 0.331 0.298 0.267 0.236 10,205
TABLEB(B) Cation-Bed-Exchange Data for Test (B)
z 0.05| 0.10 |0.20] 0.30 |0.40| 0.50 |0.60| 0.70 |0.80| 0.90 |0.95 | 0.99
(B)-1
o’ 119 | 192 220 | 266 | 206 | 323 | 348 | 377 409 | 495 504 | 602
dz)dd(10%) 1,27 3.09 3.84 3.85 1.50 ‘
Kie 0.197 0.101 0.185 0.177 0.167
(B)-2
o’ 146 | 233 285 | 330 369 | 404 | 438 | 476 521 | 589 651 | 791
dz)dd(10°) 1.02 2.43 2.92 2.49 1.07
Lo 0.356 0.338 0.317 0.259 0,269
(B)-3
o’ 232 | 361 453 | 527 | 501 | 649 | 707 | 772 851 | o971 | 1083 | 1336
ddd(10%) 0.638 1.48 1.75 1.44 0.601 o
Kia 0.523 0.492 0.450 0.405 0.360
(B)-4
o 209 | 462 | 585 | 682 766 | 843 | e19| 1007 |1112| 1275 | 1441 | 1771
dz|dd(10%) 0.493 | 1.14 1.32 1.07 .0.443 R
L 0.609 0.557 0.504 .0, 449 10.393 |
(B)-5
o’ 412 | 629 808 | 943 | 1061 | 1160 | 1277 | 1042 | 1554 | 1796 | 2008 | 2511
dzldd(10%) 0.359 0.817 .0.937 0. 754 1ot |
Kia 0. 687 .0.626 0.556 |0.496 0.426 |
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TABLE8(C) Cation-Bed-Exchange Data for Test (C)
P 0.05| 0.10 |0.20| 0.30 |0.40 | 0.50 | 0.60 | 0.70 |0.80| 0.90 |0.95|0.99
(C)-1
/ 78 | 125 150 | 174 194 | 212 229 | 248 269 |{..303. - 334 | 401
dzdg(109)) | 1.94 4.69 5.77 .4.99 1.57
La ‘ 0.436 0.420 0.402 0.381 0.253
(C)-2
4 119 | 188 231 ) 268 300 | 328 356 | 388 425 | 456 534 | 652
dz|d¢(103) 1.26 2.97 3.56 2.99 1.28
Ky, 0.707 0. 667 0.625 0.574 0.521
(C)-3
¢’ 184 | 286 359 | 418 468 | 514 560 | 612 674 | 769 858 | 1058
dz|dd(10%) 0.806 1.87 2.20 1.81 0.759
La 0.934 0.860 0.787 0.714 0.631
(C)-4
¢’ 214 | 331 419 | 489 549 | 603 658 | 720 795 [ 911 1018 | 1264
dz[d¢(10%) 0.688 1.534 1.84 1.51 0.62
La 1.05 0.965 0. 867 0.774 0.680
(C)-5
4 306 | 467 599 | 699 787 | 867 947 | 1040 1152 | 1327 1489 | 1861
dzdd(10%) 0.481 1.09 1.24 1.01 0.424
La 1.21 1.09 0.945 0. 860 0.747
TasLe 8(D) Cation-Bed-Exchange Data for Test (D)
x 0.05| 0.10 |0.20] 0.30 |0.40| 0.50 |0.60| 0.70 | 0.8 | 0.90 |0.95|0.99
(D)1
¢’ 581 94 113 | 131 146 | 159 172 | 187 204 | 228 252 1 303
dx|d¢(10%) 2.57 6.22 7.64 6.60 2.91
La 0.834 0.800 0.760 | 0.720 0.674
(D)-2
4 791 126 154 | 179 200 | 219 237 1 258 282 | 319 354 | 429
dzx|d¢(10%) 1.86 4.44 5.36 4.53 1,95
La 1.19 1.12 1.05 0.974 0.894
(D)-3
! 102 | 161 200 | 233 261} 285 3101 338 371 | 413 469 | 574
dx|d¢(10%) 1.45 3.41 4.05 3.38 1.43
La 1.47 1.38 1.28 1.17 1.05
(D)4
¢’ 156 | 241 305 | 354 398 | 438 478 | 523 577 | 661 739} 516
dz[d¢(10%) 0.948 2.19 2.55 2.08 0. 861 -
La . 1.93 1.77 1.61 1.43 1.26
(D)-5
¢! 199 | 304 389 | 452 5il | 562 613 | 673 745 1 856 960 | 1197
dx[d¢(10%) 0.741 1.70 1.95 1.59 - 0,047 ~ RO
La 2.15 1.97 1.76 1.57 1.47

e e a— =
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TABLe 8(E) Cation-Bed-Exchange Data for Test (E)

z 0.05| 0.10 |o0.20 | 0.30 | 0.40 | 0.50 |o0.60| 0.70 |o0.80| 0.90 |0.95]0.99
(E)-1
&’ 19| 33 30| 45 50 | 54 50 | 63 68| 76 83| 99
dz|dd(10%) 7.50 18.6 23.4 20.9 9.55
Ko 0.787 1 0.774 0.760 0.740 0.720
: . (E)-2
&’ 431 69 a4 | 97 109 | 119 129 | 140 153 | 167 182 | 211
dz|dd(10%) 3.44 8.29 10.1 8.66 3.79
K | 2.22 2.13 2.01 1.89 1.75
] (E)-3
o’ 61| 96 118 | 137 154 | 169 183 | 199 218| 247 | 275| 335
dz|dd(10%) 2.45 5.79 6.93 5.81 2.48 A
Kia 3.13 2.95 2.74 2.51 2.27
(E)-4
o’ 109 | 170 216 | 252 284 | 312 340 | 373 412 | 473 529 | 650
dz|dg(10%) 1.39 1.53 3,73 3.34 1.25
K1 4.56 4.17 3.78 3.36 2.94
(E)-5
o’ 118 | 181 231 | 269 303 | 333 | 363| 398 440 | 505 566 | 704
dz|dd(10%) 1.25 2.87 3.32 2.69 1.11
Kia 4.76 4.34 3.91 3. 46 3.03

TABLE9(F) Cation-Bed-Exchange Data for Test (F)
x 0.05| 0.10 !0.20( 0.30 {0.40| 0.50 |0.60{ 0,70 |0.80! 0. 90 | 0.951 0.99
(F)-1
j' 56 | 81 108 | 126 139 152 165 178 193 | 216 237 | 282
Az d¢(10) 2.69 6.48 9.59 8.69 3.22
Kra 0.213 1 0.211 0.205 0.199 0.913
(F)-2
¢ 78 1 113 151 | 175 185 | 213 230 | 249 272 1 305 335 | 402
dx]dd(10%) 1.93 4.63 6.81 6.09 2.19
K. 0.336 0.330 0.315 0.303 0.289
(F)-3
¢ 145 | 210 281 | 328 366 400 435 | 473 520 | 591 656 799
dm/dx(loa) 1.02 2.45 3.36 2.91 6.02
3 Kia 0.662 0.639 0.588 0.127 0.0502
(F)-4
o' 99| 200 | sss| 454 | s08| 557 | 607 | €62 | 730| 833 | 929 | 1141
g dz|dd(10%) 0.744 1.74 2.36 2.03 0.706
K1 0.820 0.787 0.714 0.651 0. 590
(F)-5
¢! 204 | 296 397 | 464 519 570 622 | 678 748 | 854 952 | 1172
3 dz|dd(10%) 0.727 1.70 2.32 1.9 0.686
Kia 0.834 0.794 0.720 0. 662 0.576
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TABLE9(G) Cation-Bed-Exchange Data for Test (G)

z 0.05| 0.10 |0.20] 0.30 |0.40| 0.50 |o0.60| 0.70 |0.80| 0.90 |0.95]0.99
(G)-1
¢! 46| 67 89 | 103 14| 125 135 | 146 150 | 178 195 | 232
dz|dd(10%) 3.28 7.93 11.6 10.6 3.89
Ki 0. 420 0.413 0. 400 0.389 0.376
(G)-2
& 62| a1 121 | 141 157 | 172 187 | 202 222 | 249 276 | 333
dz|dd(10%) 2.70 6.45 9.61 8.61 3.16
Kt 0.526 0.526 0.505 | 0.486 0. 466
(G)-3
104 | 151 202 | 235 262 | 287 312 | 339 373 | 423 486 | 574
dz|dg(10%) 1.43 3.14 4.77 4.12 1.46
Kia 1.09 1.06 0.981 0.914 0.840
(G)-4
¢’ 118 | 173 229 | 267 229 | 327 356 | 388 426 | 484 538 | 657
dz|dd(10%) 1.25 2.98 4.13 3.56 1.25
K1 1.21 1.17 1.08 0.994 0. 920
(G)-5
¢! 144 | 228 306 | 358 400 | 439 | 479 | 523 578 | 659 735 | 905
dz[dd(10%) 1.03 2.39 3.32 2.83 1.17
Lo 1.40 1.34 1.21 1.11 1.0l

TABLE9(H) Cation-Bed-Exchange Data for Test (H)

z 0.05| 0.10 |0.20| 0.30 }0.40| 0.50 |0.60; 0.70 | 0,80 | 0.90 }|0.95|0.99
(H)-1
¢’ 19| 28 371 43 48 | 52 57| 61 66| 74 81 96
dz[d(109) 7.83 18.8 27.9 25.4 9.42
K 1.47 1.46 1.42 1.39 1.35
(H)-2
¢’ 30| 44 58| 68 7| 82 89| 96 105 | 118 130 | 166
dz[d((10%) 5.01 11.9 17.4 156.5 5.62
K. 2.69 2.64 2.52 2.42 2.30
(H)-3
¢’ 37| 53 89| 83 92 | 100 109 | 118 1291 146 161 | 194
dz/dd(10%)] | 4.09 9.72 13.9 12.3 4.44
K. 2.77 3.36 3.16 2.99 2.82
(H)-4
¢’ .47 | 68 91| 107 119 | 130 141 | 153 168 | 191 211 | 256
dzx[df(10%)] 3.17 7.50 10.6 9.24 3.27
K. ‘ 4.41 4.28 3.96 3.71 3.44
(H)-5
¢’ .75 | 108 145 | 169 189 | 207 225 | 245 2.69 | 307 341 | 417
dzx|d¢(10%)| | 2.53 5.87 8.16 7.02 2.46
K1, 4 5.38 ’ 5.18 4.73 4.38 4.00
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TABLE 10 Calculation of Functions {A) and {B) in Cation Exchange

21=0.01
t=15°C K=1.51 t=35°C K=1.67

z (A)x10° (B} x102 [A)x10 (B)x10?
0.1 0.915 2.07 0.801 2.18
0.3 2.30 2.39 1.95 2.36
0.5 2.96 2.79 2.97 2.82
0.7 2.70 3.82 2.76 3.27
0.9 1.28 3.98 1.06 3.81

Used data: £=0.4
co=0.1 meq./cu. cm, solution
E.=3. 45 meq./cu. cm, resin (¢=15°C)
3. 42 meq./cu. cm, resin (¢=35°C)

14}
\M"
12
10+
~%
)
sl L

1,/ Ki (sec)

0 1.6 20 30 40
{B) X10?,dimensionless

Operation conditions: (A)-1 to (A)-5
Temperature : 15°C

Fig. 6 Effect of function (B) on the reciprocal of K.
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TaBLE 11 Cation-Bed-Exchange-Rate Data
(Temperature : 15°C)
ksa (102),
1/sec kLi / (10), Re®80 kra-do?/DL
(average) sec
1 0.954 0. 6%1 gg 4
2 _ 1.72 1.1 1
(A) 3 ff;—‘}gfl 1.05 442 3.16 406
4 = 6.40 4.62 589
5 8.74 6.53 720
1 2.43 0.80 ll}i
2 _ 5.46 1.95 24
(B) 3 ff;—&fggﬂ 2.12 11.0 3.94 500
4 o= 14.9 5.38 680
5 21.1 7.67 961
1 5.75 1.10 égg
2 _ 11.7 2.31
(C) 3 f/";*"_-gzoglz 3.72 19.3 3.04 503
4 o= 24.9 5.09 648
5 36.5 7.52 947
1 11.1 1.15 lgg
2 _ 18.3 1.97 2
(D) 3 f/.;;—0_.5033168 6.91 26.3 2.87 368
4 o= 45.4 - 5.02 634
5 60.3 6.67 842
1 8.74 0.333 53'80
2 _ 31.2 1.43 1
(E) 3 iz;)d_”g.{)g%zs 15.9 52.8 2.48 319
4 o= 111 5.22 660
5 124 5.94 747
TABLE 12 Cation-Bed-Exchange-Rate Data
(Temperature : 35°C)
ksa (102))
1/sec kLi / (10), Reb80 krasdo?/Dy
(average) sec
é 2.47 ? 7';9 '{0.10
_ 4,28 .4 2
(Fy 3 | g0 3.40 11.5 4.17 326
4 0 17.3 6.40 494
5 17.9 6.61 510
’1) 4,94 0,913 80.0
2 _ 6.64 1.28 108
() 3 | Sl 5.95 18.5 3.82 299
4 0 22.0 4.60 358
5 28.7 6.04 467
% 16.9 0.697, 64.2
g 35.0 1.61 133
(H) 3 i 25.5 48.7 2.30 185
4 ° 70.7 3.43 270
5 99.4 4.86 378
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Correlation of Solid-Side Coefficients for Different Particle Sizes

In order to relate the solid-side mass-transfer coefficient, ks, to the particle diameter, d,
it is convenient that one plots experimental values of ks, against reciprocals of dy2 Fig. 7
gives the results of the application of this method to the data obtained under the operation

conditions of (A)-1 to (E)-5, and then it follows that

o = L1OX 107 (temp. 15°C) (2.1)
o

In the same manner, the relation between ks, and 1/d,® under the operation conditions of (F)-1

to (H)-5 may be represented by

be, = -1-7—3;%191 (temp. 35°C) (2.2)
If the diffusion coefficients within the used resins are given in TaBLE 4, ks, at two temperatures
may be

ks = 1f;25Ds (temp. 15°C) (2.3)
and

bes = 13;25Ds | (temp. 35°C) (2.4)

These expressions are in good agreement with the theoretical result of Equation (1.77).

16

" kss=116X10"% /d¢’ <)

12}
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\v 1 1 L 1 L i
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1 /do*(em™2)

Operation conditions: (A)-1 to (E)-5
Temperature : 15°C
Fig. 7 Effect of 1/de® on ksa

Correlation of Liquid-Side Coefficients for Different Particle Sizes

On the base of other data on heat and mass-transfer, it is expected that the liquid-side

mass-transfer coefficient should increase with increasing flow rate, varying with the velocity
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to some power between one half and unity.
The formulation of an expression relating k., to the pertinent variables is often approached
from a dimensional analysis viewpoint, especially when complex factors about the flow are

involved. A suitable expression appears to be of the form

k[_g-d02= (kL‘do)___: %
Dy 6 D, a+b Re

=a+b4' Re™-Sc" (2.5)
Inasmuch as solvents of varying viscosity and solutes of different diffusivities were not used
in this study, it is not possible to completely define the constants in Equation (2.5), although
a fair estimate may be made of their magnitude. However, two temperatures such as 15°C
and 35°C were selected in this study in order to estimate the effect of the ScHMIDT number
on the mass-transfer.

Under the operation conditions of (A)-1 to (E)-5, Fig. 8 indicates the effect of Re™® on
Era+di?/Dy whose values are described in Taste11 and Tasle12. From the measurements of the
intercept and the slope of the straight line in Fig. 8, one may obtain the following form.

7291'7‘5_3=11.7+124 Rev#0 (temp. 15°C) (2.6)

In the same manner, under the operation conditions of (F)-1 to (H)-5,

khz.)d~°2=11.5+75.4Re°-8° (temp. 35°C) (2.7)

L

When the values of ScuMIDT number are given in TasLe 5, the above expressions turn into

Si =1.95+0. 479 Re®®° Sc-*° (temp. 15°C) (2.8)
and

Sk =1.92+40. 477 Re®° Sc0-%° (temp. 35°C) (2.9)
Consequently, on behalf of the above formulae, one may propose that

Sk =1.93+0. 48 Re® Sc®+%° (2.10)

The form of Equation (2.10) may be compared with the equations derived by other
investigators. First, several investigators have proposed the following expressions about the

liquid-side mass-transfer on a solitary sphere.

FROESSLING® : Si=2.0+40. 554 Re% Sc¥é

Rantz'® ¢ Sp=2.0+0. 60 Rets Scit
Axenata® Sp=2.0+40. 52 Re®5* Sc-3°
Kitavra®  : Sp=2.0-+1.85 Re*® Sc¥s (for Re<9x102)

Sp=2.0+0.82 Re¥ Sc% (for Re>>9x10?)

Second, on the packed bed and the ion-exchange bed,

Surar® @ &Sp=2.040.75 Reé¥ Sc%
WEVERS? : Sp=C(Re*%)
MicuaeLs® @k, =C(Re™*)
GILILAND® : ki, =C(Re™*)
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While the above forms are nearly equivalent, the discrepancies in coefficients and in powers
of REYNOLDS number warrant discussions. ’

(1) On the coefficient of REYNOLDS number ;

Surface roughness of the resin particles probably causes surface areas significantly higher
than those assumed from the particle-size distribution determined by author’s experiments.

(2) On the power of REyNOLDS number;

The onset of longitudinal mixing (which tends to make the observed breakthrough-curve
independent of flow rate) will contribute to the higher power noted in this study. This fact
does not necessitate any difference in the treatment of data, since no exact method of handling
longitudinal mixing is available; but the departure of the exponent value from predictions
based on mass-transfer theory probably deserves specific discussion in these terms. These

interpretations have been given to the author by Prof. VERMEULEN".

1,000 7
0 o)
soo} *(B)
a(C)
L 0} A(D) /
<) o(E)
N 600}
=
3 500}
oy
400}
300+
200} R
Clat o _ 0. 50
100t D, =11.5+124Re
0 1 2 3 4 5 6 7 8 9 10

Ream
Operation conditions: (A)-1 to (E)-5
Temperature : 15°C
Fig. 8 Effect of Re™® on kra+do®/Dy

2.3 Correlation of Anion-Exchange-Bed Results

Using the equipment shown in Fig. 5, all the anion-exchange-bed runs were made in which
sodium chloride solutions were passed through a bed of hydroxyl form of Amberlite IRA-410.
TaBLE 13 summarizes data of the operation conditions in anion-exchange-bed runs for the
various particle sizes versus the superficial velocities. TasLe 14 (-to 14 (M) show the volume
of effluent after breakthrough (c;=0.0lco), ¢'(=¢—¢), the slope of breakthroughcurve,
dz|d¢, and the over-all mass-transfer coefficient, Ky,, which has been evaluated from Equation

(1.41) using (A])-values in TasLe15.
Under the operation conditions of (I)-1 to (M)-5, plotting experimental values of 1/Ki.
against (B)-values and measuring the intercepts and the slopes of the straight lines, one may
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obtain the anion-exchange-bed data such as in Tasie16 which will give the formulations of
expression of the indivisual mass-transfer coefficients.
Thus from TasLe 16,
b, = 5% 10°°
dq®

If the diffusion coefficients within the resin are given in TasLed4, %s. at temperature of 15°C

(temp. 15°C) (2.11)

may be expressed as follows:

ke, = 13:8p

7'02

(temp. 15°C) (2.12)

On the other hand, from the same table,

kLa' d02= 12. 44112 Re®78 (temp. 15°C) (2 13)
L

If the power of ScHMIDT number is.given by 0. 55, this expression leads to
Sk =2. 06+40. 43 Re%7® S¢0-55

This equation is in good greement with Equation (2. 10).

(2. 14)

TABLE 13 Operation Conditions in Anion-Exchange-Bed Runs
(Temperature : 15°C)

Volumetric Superficial velo-
Test velocity, city (unpacked), REYNOLDS number,
V, cu. cm/sec v, cra/fsec dov plu
d0o=0.122 cm
1 0.0932 0.0823 1.02
(1) 2 0.397 0.352 4.36
3 0.940 0.823 10.4
4 ~1.42 126 o __15.6
do=0.081 cm
1 0.139 0.123 LI
2 0.392 0.346 3.13
(I 3 0.720 0.636 5.71
4 1.07 0.945 8.5
5 1.44 1.27 11.4
dp=0,064 cm
1 0.252 0.223 0.58
2 0.545 0.481 3.42
(K) 3 0.950 0.840 5,95
4 1.56 1.34 9,50
5 2.37 2.09 14.8
dp=0.032 c¢cm
1 0.427 0.378 1.34
2 0.728 0.641 2.29
(L) 3 1.01 0.892 3.19
4 2.11 1.87 6,65
5 2.80 2.48 8.85
do=0.020 cm
1 0.542 0.480 1.06
2 0.876 0.775 1.72
(M) 3 1.08 0.955 2.11
4 3.20 2.83 6.28
5 3.52 3.11 6.90
Other data: Volume of resins: 100 cu.cm

Bed depth: Ar=88.5cm

Diameter of column: 1.2cm
Cross-sectional area: Acs=1.13sq.cm
Void fraction (measured): £0.4
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TABLE 14(1) Anion-Bed-Exchange Data for Test (I)

z 0.05| 0.10 |0.20| 0.30 |o.40| 0.50 |0.60| 0.70 |0.80| 0.90 |0.95 |0.99
(I)-1
¢! 122 | 177 237 | 277 313 | 341 372 | 406 448 | 513 572 | 708
dz[dd(10%) 1.09 2.83 3.31 2.72 1.00
Kia 0.0574 0.0524 0.0474 0.0423 0.0369
(1)-2
¢’ 354 | 516 694 | 815 920 | 1012 | 1111 | 1223 | 1362 | 1579 | 1783 | 2252
dz|dd(10%) 0.732 0.924 1.05 0.831 0.295
Kia 0.0834 0.0734 0. 0640 0.0549 0.0461
(I)-3
% 742 | 1081 | 1456 | 1713 | 1937 | 2187 | 2351 | 2596 | 2901 | 3383 | 3835 | 4881
dz|d¢(10%) 0.177 0.437 0.486 0.379 0.133
Kia 0.0941 0.0814 0. 0700 0.0594 0.0493
(I)-4
¢ 1073 | 1564 | 2109 | 2483 | 2809 | 3102 | 3416 | 3776 | 4225 | 4937 | 5607 | 7155
dz|dd(10%) 0.122 0.299 0.331 0.258 0.0898
Kt 0.0980 0.0847 0.0720 0.0610 0. 0504

TABLE 14(J) Anion-Bed-Excharge Data for Test (J)

x 0.06( 0.10 |0.20| 0.30 i 0.40 0.50 | 0.60 \ 0.70 l 0.80 { 0.90 |0.95]0.99
. s 6200 v - . am——— — (J )—1 — N
¢ 92 | 133 177 | 208 234 | 256 278 | 305 337 | 385 430 533
dz[d¢(103) 1.44 3.75 4,50 3.58 1.31
Ki, 0.114 0.104 0.0934 0.0834 0.0727
(J)-2
o' 194 | 283 380 | 446 503 | 552 G606 | 666 739 | 865 964 | 1212
dx|d$(10%) 0. 680 1.7 1.95 1.55 0.555
Kia 0.151 0.133 0.117 0.101 0.0860
(J)-3
¢’ 318 | 463 623 | 732 828 | 911 1001 | 1103 1230 | 1429 1617 | 2047
dz|dd(10%) 0.414 1.03 1.15 0.910 0.321
K. 0.169 0.147 0.128 0.109 0.0914
(J)-4
] 4 447 | 651 876 | 1031 1165 | 1284 1413 | 1559 1741 | 2029 2299 | 2922
dz|d¢(10?) 0.293 0.722 0.807 0.633 0.221
Kia 0.178 G.155 0.133 0.113 0.0941
(1)-5
¢ 581 | 848 ‘l 1142 | 1344 1520 | 1677 1846 | 2039 2279 | 2660 3017 | 3843
dz|d¢(103) 0.226 0.554 0.616 0.480 -0.169
Kia 0.183 0.159 0.136 -0.115 0.0954
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TABLE 14(K) Anion-Bed-Exchange Data for Test (K)
x 0.05| 0.10 | 0.20} 0.30 |0.40| 0.50 {0.60f 0.70 |{0.80{ 0,90 | 0.95}0.99
(K)-1
¢’ 93| 135 181 | 212 239 |1 261 286 | 313 346 | 398 446 | 555
dz|dg(10%) 1.43 3.67 4.25 3.43 1.26
La 0.203 0.183 0.164 0.144 0.125
"(K)-2
4 167 | 243 327 | 384 433 | 475 522 | 574 637 1 738 832 | 1048
dz|dg(10%) 0.799 2.00 2.27 1.81 0.643
Kia 0.247 0.217 0.191 0.165 0.139
(K)-3
4 269 | 378 709 | 598 676 | 743 817 | 901 1004 | 1167 | 1320 | 1673
dz|dg(10%) 0.481 1.19 1.34 1.05 0.372
La 0.272 0.237 0.205 0.175 0.147
(K)-4
¢’ 402 | 586 789 | 928 1049 1156 | 1272 1405 1569 | 1829 | 2074 | 2637
dz|dd(109) 0.328 0.811 0.901 0.707 0.246
La 0.289 0.251 0.251 0.183 0.152
(K)-5
/ 581 | 847 1142 | 1334 | 1521 1679 | 1849 | 2043 | 2286 | 2670 | 3032 | 2868
dzldd(10%) 0.226 0.555 0.615 0.477 0.166
La 0.303 0.261 0.223 0.189 0.155
TABLE 14(L) Anion-Bed-Exchange Data for Test (L)
x 0.05| 0.10 |o.zo 0.30 o.4o| 0.50 | 0.60 | 0.70 |0.80| 0.90 | 0.95|0.99
(-1
¢’ 42| 61 8l| 95 107 | 116 127 | 139 154 | 177 198 | 246
dz/dd(109) 3.26 8.24 9.57 7.79 2.86
La 0.787 0.700 0.628 0.554 0.481
(L)-2
¢’ 60| 88 118 | 138 156 | 171 188 | 205 227 | 263 295 [ 370
dz|d¢(10%) 2.19 5.58 6.39 5.12 1.84
K. 0.900 0.807 0.714 0.621 0.530
(L)-3
¢! 77 1 113 151 | 177 200 | 219 241 | 265 294 | 340 384 | 484
dz|dd(10%) 171 4.32 4.87 3.89 1.39
Kia 0.974 0.867 0.754 0.654 0.551
(L)+4
! 142 | 206 278 | 327 369 | 407 447 | 493 550 | 640 724 | 918
dz|dd(10%) 0.935 2.31 2.58 2.03 0.715
La 1.11 0.967 0.834 0.714 0.594
(L)-5
¢ 180 | 262 355 | 417 471 520 572 | 631 705 | - 822 931 | 1184
dx[d¢(103) 0.728 1.79 2.05 1.56 0.550 _
La 1.15 1.00 0.880 0.727 0.607
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TABLE 14(M) Anion-Bed-Exchange Data for Test (M)
z ‘ 0.05] 0.10 } 0.20] 0.30 |0.40} 0.50 | 0.60 ‘ 0.70 ‘ 0.80 ‘ 0.90 |0.95| 0.96
) (M)-1
¢’ 221 32 43 | 50 57 62 67 | 74 821 93 104 129
dz|dd(10%) 5.74 14.9 17.4 14.3 5.28
La 1.71 1.67 1.51 1.34 1.17
(M)-2
¢’ 31| 45 61 71 80| 87 96 | 105 116 133 149 186
dz|dd(103) 4.29 11.0 12.6 10.3 3.72
La 2.12 1.91 1.69 1.49 1.28
o (M)-3
¢’ 36| 53 71| 83 93 102 i12 | 123 136 | 157 176 | 220
dzldd(10%) 3.66 9.3 10.7 8.58 3.09
La 2.24 2.01 1.77 1.55 1.32
(M)-4
¢’ 86 124 168 | 197 223 245 269 | 297 331 | 385 436 | 552
dx|d¢(103) 1.53 3.82 4.27 3.36 1.18
La 2.78 2.43 2.09 1.79 1.49
(M)-5
¢’ 93 135 182 | 213 241 266 202 | 322 359 | 418 473 600
dx|d¢(103%) 1.65 3.53 3.96 3.10 1.09
La 2.83 ! 2.47 2.13 1.81 1.51

TABLE15 Calculution of Functions (A) and (B]

in Anion Exchange

£1=0.01
£=15°C K=1.57

. (A) (B)

% 108 X 10°
0.1 ' 1.77 3.98
0.3 5.04 4.68
0.5 6.53 5.57
0.7 6.02 6.69
0.9 2.54 8.19

Used data: €=0.4

. ¢g=0.1 meqg.fcu. cm, solution
E.=1.70 meq./cu. cm, resin
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TAasLE 16 Anion-Bed-Exchange-Rate Data
(Temperature : 15°C)

ks (102), | i
1/sec ! kLi / (10), ! Re™78 b brac~do?’|Do
(average) i sec |
1 1.20 1.02 126
2 d®=0.0126 3.46 3.14 364
(1) 3 1/d=17.36 0.436 6.57 6.18 691
4 9.20 9.53 967
1 2.47 1.00 135
2 B 5.24 2.43 286
(1) 3 ﬁ’d;(}fgzﬁf 0.839 8.27 3.89 452
4 =152. 11.2 5.31 612
5 13.9 6.65 747
1 5.04 1.43 173
2 _ 8.94 2.61 306
(K) 3 ﬁ;;‘}ggglg 1.35 13.6 4.03 466
4 =243.1 19.2 5.77 658
5 27.1 8.18 927
1 17.7 1.23 150
2 . 26.7 1.91 226
(L) 3 f/"d—_-ggc}of 5.40 34.3 2.48 291
4 o*=980. 59.3 4.38 503
5 74.7 5.50 633
1 39.0 .05 130
2 . 54.7 1. 182
M) 3 f}’é;‘l-gggg 13.7 63.7 1.79 212
4 o= 143 4.18 478
5 | 155 4.52 518

2.4 Calculation of Exchange-Zone Height

A possible test of the soundness of using Equation (1.53) for calculating the exchange-
zone height consists of comparing values calculated from author’s data by means of Equation
(1.53) with values calculated by MicHAELS' treatment using a extremely different method of
calculation.

Therefore one puts the following limits on the breakthrough and exhaustion.

z, = 0.05 (at breakthrough) }

and (2.15)

Zs = 0.95 (at exhaustion)

In author’s case, the functions (I)i and (II)] may be evaluated from Equations (1. 49) and
(1.50) for a predetermined value of the selectivity coefficient.

Since the individual mass-transfer coefficients are evaluated, for example, by using Equations
(2.3) and (2.10), the exchange-zone height within the fixed bed are determined readily by
Equation (1.53).

Taste 17 and TAete 18 summarize the data with respect to the exchange-zone height under
the several operation conditions. In these tables, 4g* shows the height of the exchange zone
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calculated from MIcCHAELS' treatment® whose result was

\ he* = he [g_la:—(glb—il—_éj—&;] (2. 16)

The agreement of Az with Ag* is seen to be excellent.
For the purpose of design of the fixed bed, the utilization factor, 7, is defined by Equation
(1.57). Then one may determine the total bed depth, hr, required under the condition that

the value of 7 is predetermined and x, and z. are chosen such as values in Equation (2. 15).
TaBLE 17 Calculation of Exchange-Zone Height in Cation-Exchange Bed
v, u, \ kLa, 1 kSn, hES, hEL, hE, hE*, (E)
cm/sec cm/sec | 1/sec | 1/sec cm cm cm cm
1 0.0463 0.116 0.0954 2.02 11.7 14.7 14.6 (0.516)
(A) 2 0.105 0.252 0.172 0.0105 7.16 14.7 21.9 20.8 (0.504)
3 0.361 0.900 0.441 23.5 19.7 43.2 42.2 (0.485)
. . . 2.98 9.15 12.1 14.5 .494
(B) 1 0.0922 0.231 0.177 0.0212 (0.494)
2 0.283 0.707 0.536 9.09 12.5 21.1 19.9 (0. 486)
1 0.262 1.05 1.11 2.58 5.70 8.28 8.09 (0.503)
= 2 0.515 1.29 1.83 5.10 6.75 11.9 11.7 (0. 500)
‘ (D) 3 0.823 2.06 2.63 0.0691 8.11 7.52 15.6 16.2 (0. 485)
4| 1.65 4.12 | 4.54 16.6 | 8.78 | 25.4 | 24.0 | (0.478)
5 2.35 5.88 6.03 23.2 9.40 32.6 30.1 (0. 475)
Other data: Volume of resins: 60 cu.cm (1)i=14.09
: Bed depth : hr=53cm EIIJ?=14-4G
K=1.51 € ¢ol0E,=0.0194
TABLE 18 Calculation of Exchange-Zone Height in Anion-Exchange Bed
v,. @, ke, ksa. hgs, | hm, ™ he®, (&)
cm/sec cm/sec 1/sec 1/sec cm | cm cm cm -
1 0.123 0.308 0.247 18.6 11.0 29.6 28.3 0.486
| (1) 0.00839 (0. 486)
: 2 0.346 0.865 0.254 1.7 14.6 56.3 56.5 (0.479)
) Lo | o 557 | 0.504 | o.0135 | 20.8 | 8.25 | 20.1 | 20.3 | (0.482)
§ 2 0.481 1.20 0,894 44.7 11.9 56.6 57.0 0.472)
i |
3 1 0.378 0.945 1.77 8.85 4.73 13.6 12.6 (0.482)
0.64 1.60 2.67 15.0 5.30 20.3 19.5 0.4
Ly 2 . “ 1 0.0540 (0.479)
3 0.892 2.23 3.43 20.8 5.77 26.6 27.0 (0.476)
4 1.87 4.66 l 5.94 43.5 7.00 50.5 49.7 (0.474)
Other data: Volume of resins: 100 cu.cm (I)2=12.86
Bed depth : k’r=88. 5cm [II]§=13. 26
K=1.57 € colo E,=0.0392
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2.5 Conclusions

The consideration that the ion exchange is limited by the mass-transfer within the liquid
film and resinous phase permitted the derivation of an exchange-rate equation which correlates
the data obtained experimentally over the range of conditions covered. Furthermore a simple
method of separating the contributions of liquid- and solid-side diffusional resistances was pro-
posed in this study.

Data for the exchange of Amberlite IR-120 (H* form) and of Amberlite IRA-410 (OH-
form) with 0.1 N solution of sodium chloride were correlated by means of the SHERWOOD
number. The SuERWoOD number was found to vary with the 0. 80 power (for cation exchange)
or 0.78 power (for anion exchange) of the REYNOLDS number.

Supplementary effect of particle size on the solid-side mass-transfer was also noted and is
predictable by the indicated equations. The effect of temperature was presented in terms of

the liquid-side mass-transfer coefficient experimentally determined.

Notation

s =cross-sectional area of column, sq.cm
=concentration of ion in solution, meg./cu. cm, solution
co =concentration of ion in feed solution, meq./cu.cm, solution
¢; =concentration at breakthrough, or concentration of ion corresponding to lower limit of
exchange zone; for example, ¢;=0. 0l ¢o, meg./cu. cm, solution
¢; =concentration at exhaustion, or concentration of ion corresponding to uper limit of
exchange zone; for example, c:=0. 99 ¢o, meq./cu. cm, solution
dy =diameter of moist resin particle, cm
D, =diffusivity of solute in fluid phase, sq.cm/sec
Ds=diffusivity of ion within resinous phase, sgq.cm/sec.
E.=ion-exchange capacity of resin, meq./cu.cm, moist resin
oE,=ion-exchange capacity of resin involved within unit volume of column, megq./cu. cm, bed
he =height of exchange zone within bed (=hgs+he), cm
he*=height of exchange zone within bed, calculated from MicHAELS’ treatment [(cf. Equation
(2.16)), cm
he=function of (II),2 (cf. Equation (1.55)), cm
hzs=function of [I),2 (cf. Equation (1.54)), cm
hr=total bed depth, cm

k. =liquid-side coefficient of mass-transfer, cm/sec
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ks =solid-side coefficient of mass-transfer, cm/sec

ki, =liquid-side capacity coefficient based on mass-transfer in the unit volume of the net resin,
1/sec

i ks, =solid-side capacity coefficient, 1/sec

} K =equilibrium selectivity coefficient, dimensionless
K., =over-all mass-transfer coefficient (capacity coefficient) based on liquid side, 1/sec
Re =RevynoLps number (=d, v pftt), dimensionless '
ro =radius of moist resin particle, cm
=ScumipT number (=g/pD.), dimensionless
S, = SHERWoOD number (=%.+do/Dy), dimensionless
=actual superficial flow rate of fluid through fixed bed (=v/€), cm/sec

v =superficial flow rate of fluid through an unpacked column of the same diameter (=V/

Acs=¢€u), cm/sec

V =volumetric flow rate of flnid through the column (=¢/t), cu.cm/sec

z =dimensionless solution concentration (=c/c,), dimensionless

z, =dimensionless solution concentration at breakthrough, or dimensionless ‘concentration of
ion corresponding to lower limit of exchange zone; for example, x;=0. 01, dimensionless

z;=dimensionless solution concentration at exhaustion, or dimensionless concentration of ion
corresponding to upper limit of exchange zone; for example, z,=0.99, dimensionless

{A) =function of K and z (cf. Equation (1.42)], dimensionless

(B) =function of K and x (cf. Equation (1. 43)), dimensionless

(I1),2=function of K, z: and z: (cf. Equation (1. 49)), dimensionless

i (11),2=function of K, z, and x: (cf. Equation (L. 50)], dimensionless

P e & U et g T g

Greek Letters
£ =void fraction, or ratio of void space outside resin particles to total volume of packed
! bed (=1—0), dimensionless
7 =resin-utilization factor, or degree of bed saturation at breakthrough, dlmensmnless
t =viscosity of fluid in poise, gr./(cm) (sec)
£ =fractional ability of ion-exchange zone to adsorb solute, dimensionless
o =density of fluid, gr./cu.cm
¢ =particle-volume fraction, or ration of particle volume to total volume of packed bed
(=1—¢), dimensionless
¢ =volume of saturating fluid that has reached resins at a volume w downstream from the

column inlet (=®—ew="Vt), where @ and w denote the volume of feed solution entering

the column and bulk-packed volume of the column, respectively, cu. cm
¢, =volume of effluent at breakthrough, cu.cm
¢» =volume of effluent at exhaustion, cu.cm
21 =volume of effluent accumulated during the appearance of the breakthrough-curve (=¢.
3 —¢y), cu.cm
l ¢' =volume of effluent after breakthrough (=¢—¢4), cu.cm
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3. Apparent Conductance of Exchangers
~Solution Suspension

Since electrochemical applications of ion-exchange resins have developed only very recently,
little literature is available on the subject. The fundamental electrochemistry of ion-exchange

] . . 1018 20 21 22 24
materials has been treated in several reviews'®'®2%2L%220

where reference is made to publi-
cations dealing with special problems.

Briefly, a strongly acidic ion exchanger and a strongly basic ion exchanger are analogous
to a concentrated, highly dissociated, electrolyte in which the mobile, or exchangeable ion, is
relatively free to move within the network of the immobile exchange sites. : Therefore, it is
to be expected that an exchanger should be a good electrolytic conductor ; further, the electrolytic
transport will be predominantly cationic or anionic, depending on the nature of the functional
group bound into the resin matrix.

Several investigators have measured the electrolytic conductances of the ion exchangers
in equilibrium with the deionized water 229,

When the electric current passes through an ion exchanger, electrode reactions take place
which often convert the exchanger from one ionic form to another. These reactions may be
utilized for the regeneration of the salt-form exchangers. By such electrolysis process ions can
move along the exchanger without the use of eluents. The electrolytic regeneration of ex-
changers has been treated in a number of publications in the recent past, but it has not yet
been applied on an industrial scale.

However, by the utilization of ion-exchange membranes in conjunction with ion-exchange
particles, it becomes possible to regenerate a relatively large quantity of the mixed exchangers
in the salt-forms to the hydrogen and hydroxyl forms without depending on the electrode
reactions. This has been demonstrated by CuEssmore”, WALTERS? and the author®™™.

Here, a term “ion-exchange-electrolysis equipment” is often used for an equipment in
which ion-exchange particles, permselective ion-exchange membranes and two electrodes are
contained.

Before a description of development of this equipment is given, it appears worthwhile to
present some analytical methods to the over-all (or apparent) specific conductances of the ex-
changers-solution suspensions.

Meanwhile, numerous methods for the calculation of thermal conductances of two-component
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. 1,2,4,5,6,8,9,11,13,14,16, 27,28, 30,31,32)
two-phase mixtures have been proposed. Many of these™™™ ™™™ are

analytical, with thermal conductance expressed in equation form. Some'® are graphical methods
for predicting thermal conductance values. To keep mathematical calculation tolerable, all
analytical methods are based on the simplified models consisting of uniform particles of one
phase distributed throughout another phase, and also simple geometries are assumed for the
distributed particles.

However, a few methods for the calculation of the electrolytic conductances of multi-
component two-phase mixtures, such as the systems incorporating resinous particles and the
electrolytic solutions, have been reported® 13,14,17,28)

This chapter presents simple classical methods for correlating data of the over-all conduc-
tances of the multi-component systems. The work reported here is to be designed to show
that most of the electrolytic conduction occurs through the resinous phase if the external

solution is very dilute.

3.1 Modified Maxwell-Eucken’s Model

The ion-exchange bed may be considered as the mixture of conductive solids and conduc-
tive salt solution. At this point, some general remarks about loose or packed conductive

materials seem to be proper.
The effects of the solid materials on the electrolytic conduction of the mixture may be

divided into two groups:

(1) If the spaces filled with the concentrated salt solution are so large that the bulk of
the electrolytic conduction occurs through the solution phase, the solid bodies present a protec-
tion against the electrolytic conduction than the solution does.

(2)" If the solution is dilute and the conductive solids are closely packed, the bulk of
electrolytic conduction occurs through the solid phase.

Therefore, the electrolytic conductances of solids and .solutions play important roles in the
electrolytic conduction of the mixture such as a suspension which consists of ion exchangers
and an electrolytic solution. The void fraction of the suspension greatly influences the sus-
pension conductance.

The influence of the conductive solids may be seen from a formula for the apparent
conductance, K,, of a suspension which consists of a contingent substance having the conduc-
tance k. and small particles of conductance %3 distributed in that substance. This formula,
derived primarily by MaxweLL'® for the electric conduction, and then used by Eucken® for
the heat conduction, are as follows:

Ku —k — G'(kp—kx,) A ) .
KoF2k keth o @.1)

or

_ kufke(20+1) =2k (0—1)} '
Ko == =) TR 10) | (3.2
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where ¢ gives the solid-volume fraction, that is, the ratio of particles volume to total volume
of the suspesion. This equation is derived by MaxweLL for small values of ¢ only ; however,
Eucken assumes that it may be valid up to 0=0.5 with good approximation.

As above mentioned, an ion-exchange resin is a good electrolytic conductor. Therefore
one may correlate the data of the over-all specific conductances of the exchangers-solution

suspensions by a variation of MAXWELL-EuckeN’s formula.

Over-all Conductance of Cation Exchangers-Solution Suspension

Consider the electricity transport through the suspension in which the cation exchangers
are loosely distributed throughout the salt solution. Since both the cation and anion migrations
contribute to the electricity transport, the over-all specific conductance of this suspension (two-
component two-phase mixture) is represented by the following equation, with a variation of
Equation (3. 2).

Ky, L=K*, .+Kx,1 3.3)
where
+ = 71+Lk[,{72+|( kK(20+1)_2"+L kL(l—U)}
K KL 72+|( kx(l—ﬂ') +?I+L k]_(2+0') ) (3. 4)
and

_ — nL k[,{_?l:x( kK(20+1) —2nL kL(l—a)}
Ko n g kx(1—0) +n L b (2+0) -9

Over-all Conductance of Anion Exchangers-Solution Suspension

In the same manner, the over-all specific conductance of this suspension (two-component

two-phase mixture) is given by

Kaw = K*p 14Ky, 0 (3.6)
where
+ = nt b fntaka(204+1) =20t BL(1—0) }
Ko nta ba(1—a) +nty bL(2+0) 3.7
and

=kl ka(20+D) —2nm b (1-0) )
K AL N a kA(I—U) +n—l. kL(2+U) ‘ (3. 8)

Over-all Conductance of Mixed Exchangers-Solution Suspension

Consider the suspension that a random mixture of the cation and anion exchangers is
placed within the salt solution. First, one assumes that the mean specific conductance of the
mixed exchangers is given hy

A kx‘l‘mkA ‘ (3. 9)

where m refers to the volumetric ratio of the anion and cation exchangers. Then combining
Equation (3.9) with MaxwerL-EuckeN’s result, Equation (3. 2), gives an approximate expression

for the over-all specific conductance of this suspension (three-component two-phase mixture).
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Koo = allsls D_th@1) @10
) kg, a(1—0) +k(2+0) :

3.2 Octahedral Model

It is doubtful whether all the equations above described are valid .up to 0=0.5 with good
approximation or not, because the exchanger particles are so closely packed within the suspen-
sion that ¢ is often found to be about 0.6. Hereupon, other explicit equations are needed,
applicable to such suspension. ' ' '

For the derivation of new formulae, one makes four assumptions as follows:

(1) The solid particles are spherical and uniform in size.

(2) The particles are packed with octahedral contact (theoretical value of ¢ is 0. 6046).

(3) The entire solid-fluid suspension is confined between two-electrodes perpendicular] to
the direction of current flow.

(4) The electrolytic conductances of both solid and fluid phases are dependent on the
fluid concentration.

First, consider the solid-fluid suspension under analysis to be divided into a number of
octahedrons, each having a solid particle at its center (Fig. 9). If a representative octahedron
is taken out and cut in half on a plane perpendicular to the direction of current flow, the
result is a half-octahedron of the fluid phase with a half-sphere of the solid phase inside
(Fig. 10). Fig. 11 and 12 show a longitudinal section and a sketch of this half-octahedron which

will be further subdivided into two components, such as component-A and component-B as
shown in Fig. 13.
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Fig. 9 The solid-fluid suspension is divided Fig. 10 A representative octahedron

into a number of octahedrons is cut in half
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Fig. 11 Longitudinal section of
a half-octahedron

Fig. 12 Sketch of a half-octahedron

Component-A Component-B

- ] —

~— 4V —

Fig. 13 Component-A and component-B obtained
by subdividing a half-octahedron

*
k L.p

—— AV

Fig. 14 Dimension in longi-
tudinal section of a
half-octahedron
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Cation
exchange

Anion

exchange

resin resin

Anion
. Cation

3 i
exchange . ' | ——
; . t exchange
resin H i
] H resin
¥ 1

Anion
exchange
resin

Fig. 15 The mixed exchangers-solution Fig. 16 Longitudinal section of three
suspension is divided into octa- octahedrons adjoined

: hedrons
Assumptions (2) and (3) follow, by symmetry, that (1) the current flow exists only in
' the X-Y direction, (2) any other normal plane which separates two adjacent layers of octa-
hedrons will be equipotential, and (3) any normal plane passing through the centers of a layer
of spheres will be equipotential.
If the potential difference across the composite model consisting of component-A and
component-B is given by 4V as shown in Fig. 12 and 13, and a spherical model of unit radius

is employed, the current flow through this composite model may be expressed by

Iy = Iz+1, (3.11)
where
. Iy =Ky« A+ AV (3.12)
Iy = By ps Ay AV (3.13)
In = b+ Ap+ AV (3.14)
Substituting Equations (3.12), (3.13) and (3. 14) into (3.11) yields
Ir = (k¥ v+ Artho » A)AV (3.15)

from which the following expression for the electrolytic conductance of the composite model

‘ is obtained:

; K, _‘%: k¥, P+§$kn (2.16)
: From the geometry of the composite model,
Ar=2vV'3
AA =T (3. 17)
AB = 2‘/3—'7?:

Before the suspension conductance is calculated using Equation (3. 16), the specific conductance

of component-A should be evaluated. Using the dimensions shown in Fig. 14, the current flow

2 e e
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through component-A may be expressed ‘as follows:

, .
I =k, pr Ape dV= 4V - dA | (3.18)
P S Y
’ ko ks
where
dA=2nr - dr /
.Ip=]'/].——‘_7—'_i . ' (3' 19)
.231_’-—-1-—1/1—7"2

Substituting Equations (3.19) into (3. 18) yields

r=1

%  _op . redr
F*L, e =2k kLSo I —=TE
—2h. ke (ke \___ 1 ]
=2k b (kP_kL)zln( kL) (kp_kL)] (3. 20)

Consequently, substituting Equations (3.17) and (3.20) into (3.16) yields a following
expression for the over-all specific conductance of the solids-fluid suspension (two-component

two-phase mixture).

- . ke Ry 1
Ko=0.003 i1 81 ke o[22y In( 42 ) L] (3.21)

Over-all Conductance of Cation Exchangers-Solution Suspension

If % and k. in Equation (3.21) refer to the specific conductance of the exchanger particle
and that of the electrolytic solution respectively, the over-all specific conductance of this sus-
pension (two-component two-phase mixture) is given by a following expression with a variation
of Equation (3.21).

Ky, =K*;, 1+ Kk, (3.22)
where :

K*g, 1=0.093 nty, » b+ 1. 81 kg, L (3.23)
and

Kk, 1=0,093n + b+1.81k . (3.24)

Over-all Conductance of Anion Exchangers-Solution Suspension

In the same manner, the over-all specific conductance of this suspension (two-component

two-phase mixture) is represented by

Ka1=K*s,L.+Ka,1 (3.25)
where

K*a,1=0.003 n%, « but1.81 s, (3. 26)
and

K- 1=0.003 7y « by +1.81 a1 (3.27)

Here, E*k,1, B x,1, £*a,1 and k-4, are dependent on the solution concentration and are

given by
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A e kL)zln(Z::'_ ) e kxiﬂ. ] (3.28)
b=k b ’}’eKK_'nki yeln( ) s (3. 29)
AR T 1 P e kL)zln(ij:];;:) — e kL)] (3.30)
k_A’LG—A'kA.n—L.k"[( 'nkAA_.ﬂkt'kL)zln(:; :-]Z:) (n~ A-kq——n Le kL)] (3.31)

Over-all Conductance of Mixed Exchangers-Solution Suspension

Assume that (1) both the cation and anion exchangers have the same diameters, (2) the
volumetric ratio of the anion and cation exchangers is given by 2, and (3) adjacent spheres
are in octahedral contact. According to the above assumptions, this suspensions may be
divided into a number of octahedrons as shown in Fig. 15. Further a longitudinal section of
three octahedrons adjoined is shown in Fig. 16.

Considering the current flow through this longitudinal section, the following expressions

may be obtained.

K°(1+m)A-;—(1+m)Ag-k,_+AA k"’],, +771Ap.‘k*1_, (3. 32)
or
1 \4a ( m ) Ang
Ka k"+(1+m) A-rk*"’ =+ 1+4+m ATk LA (3.33)

Substituting Equations (3. 17) into (3. 33) yields

Ko=o.093kb+( )o 9071.4'...<+( L )o. Q0Th*,, A (3. 34)

1-+n 1+n

Since A*,x and &%, o correspond to &%, p which is the specific conductance of component-
A shown in Fig. 14, the over-all specific conductance of this suspension (three-component
two-phase mixture) is given by )

Kg, o =K%, a+K g 001 (3.35)

where
- ok 81) + (1 81m) -

K, =0, 093mtu ol (B Yt o+ (5552 e (3. 36)

and
_ _ - . 1.81)\,.- 1.81m

K-k, &, 1.=0.093u7 kx.+(1+ )L +( Tom )k AL (3.37)
If m=2,

K+K, A, L=O~ 093 1l+x,'k1,+0. 605 k+|<, L+ 1.21 k+A, 1 (3 38)

K-R, Ay L=0- 093 n‘;,-k;,-}—O. 605 k—]{, L+1- 21 k‘A, L (3. 39)

3.3 Conductances and Transport Numbers

The specific conductances of the ion-exchange resins depend on the nature of the resin
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material, the adsorbed ions, and the temperature. The resin acts like a concentrated solution
of an electrolyte in which the motion of one type of ion is relatively restricted. Conclusive
evidence for a mechanism of electrolytic conduction in ion-exchange resins has been offered'®.

Since the conduction of resins is entirely ionic and is dependent on concentration of ex-
change sites within the resinous phase, the resin conductance has a nearly constant value in
very dilute solution. Therefore, if the discussion is limited to exchanger samples in contact
with dilute solutions, less than 0.05N, then it is reasonable to assume that  the bulk of the
conduction will occur through the exchangers. In other words, for all forms of exchangers,
the specific conductances of exchangers and solutions are similar in the region of external
concentration equal to about 0.05N. Below this concentration, the step limiting resistance of
the exchangers-solution suspension is the solution, and above it the exchanger is the limiting
resistance.

Here, it may be assumed that the specific conductance of an exchanger particle is equal to
that of a homogeneous ion-exchange membrane consisting of the same resinous substance.
The specific conductances of several membranes in various forms are offered as a function of
the concentration of the equilibrium solution'®.

TABLE 19 summarizes the conductance values of the sodium chloride solutions and the
homogeneous ion-exchange membranes (Nepton CR-61 and Nepton AR-III) in equilibrium with
sodium chloride solutions. Further this table presents the transport numbers of two ions in

sodium chlotide solutions and within the membranes.
TABLE 19 Conductances of Sodium Chloride Solution and Homogeneous Ion

Exchange Membranes. Transport Numbers of Sodium Chloride
in Aqueous Solution and Two Ions within Membranes (at 18°C)

Sodium chloride solution® \ Nepton CR-61% ( Nepton AR-III?
Normal . feq1ony | A@0 1 R(109) | lmaoy| _
ity plem | Gaem) | M | v glem | ME | "E | glm | Tt | TR
0.001 | 0.1063 | 106.27 | 0.397| 0.608 | 7.9 | L0 | O 3.8 | 0 1.0
0.006 | 0.5177 |103.54 | 0.397| 0.603| 7.9 | 1.0 | O 3.9 | 0 1.0
0.01 1017 |101.72 | 0.397| 0.603| 80 | 1.0 | © 4.0 | 0 1.0
0.05 o76 | 95.51 | 0.393| 0.607 | 8.4 | 0,997 | 0.003| 4.4 | 0.008 | 0.992
0.1 o182 | ol.sz | 0.3%0| 0.610| 9.0 | 0.994| 0.006 | 5.0 | 0.024 | 0.976
0.5 40.38 80.76 | 0.374| 0.626| 15.0 | 0.974| 0.026 | 7.5 | 0.056 | 0.944
1.0 74.19 74.19 | 0.365| 0.635| 30.0 | 0.936| 0.064 | 9.0 | 0.070 | 0.930

1) Conway, B. E.: “Electrochemical Data”, Elsevier Publishing Co., New York (1952)
2), 3) Nacuop, F. C, and J. ScHUBERT : “Ion Exchange Technology”, p. 133, 135, 141, 142,
Academic Press Inc., New York (1956)

3.4 Measurements of Over-all Specific Conductances of Suspensions

Preparation of Resins

A strongly-acidic-cation-exchange resin, Amberlite IR-120, and a strongly-basic-anion-ex-
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change resin, Amberlite IRA-410, were chosen as the cation transportor and the anion trans-
portor, respectively. These materials consisting of whole spheres were prepared for the
measurements of conductance.

To convert the exchangers from hydrogen or hydroxyl form to salt form, these materials
were placed within small tubes, rinsed, and treated by passing a large excess of sodium chlo-
ride soluiion through them.

Measurements of particle size were made with cation exchangers in sodium form and with
anion exchangers in chloride form in the presence of sodium chloride solution by using a
microscope. Most of exchanger particles have a diameter within abcut 10% of its average

value for all sizes.

Measuremenis of Over-all Conductances of Suspensions

For the accurate measurements of the electrolytic condutances of the exchangers-solution

b b Legend
| -1 a : Electrodes (platinized platinum
sheets)

b : Wires to detector

¢ : Inlet for electrolytic solution
and ion exchangers

d : Stopcock with 200-mesh screen

Fig. 17 Conductance-measurement cell
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suspensions, a cell as shown in Fig. 17 has been devised. The main part, composed of a pyrex
glass, has an effective capacity of about 10cu.cm. Two parallel electrodes consist of platinized
platinum sheets whose area is about 2sq.cm, and the distance between both the electrodes is
about 1.5cm. Further a stopcock with a 200-mesh screen is sealed into the bottom of the
cell and served as a exchangers support.

During the measurements of specific conductances, the cell was placed in a hydrocarbon
oil contained within a thermostat that the temperature was kept constant at 18°C within
0.05°C.

' In addition to the cell, a conductivity outfit consisting of a vacuum-tube oscillator (A.C.
800 cycles per second) and a vacuum-tube amplifier was often employed as a detector.

All the measurements of conductances were made for:

(1) The suspensions which consist of about 4.2 cu.cm of the sodium form of Amberlite
IR-120 and about 2.8cu.cm of 0.001N to 1.0n sodium chloride solutions outside the
exchangers.

(2) The suspensions which consist of about 4.2 cu. cm of the chloride form of Amberlite
IRA-410 and about 2.8cu.cm of 0.001N to 1.0N sodium chloride solutions outside the
exchangers.

(3) The suspensions which consist of about 4.2cu.cm of the mixed exchangers (m=2)
and about 2.8cu.cm of 0.001N to 1.0N sodium chloride solutions outside the exchangers.

After the Conductances of the suspensions were measured, the stopcock of the cell was
turned to carry out the electrolytic solutions through the screen from the body of the cell.
The volume of the solutions taken out was measured with a measuring cylinder, and then

the particle-volume fraction was defined by

volume of exchangers remained within cell
(volume of solution) +(volume of exchangers)

taken out remained within cell

3. 5 Results

The experimental data of the over-all specific conductance of various suspensions at
temperature 18°C are presented in Fig. 18, 19, and 20. Further, the calculated curves of the
over-all specific conductances, which may be obtained by substituting values in TasLe19 into
the indicated equations, are written in the same figures.

Comparison of the experimental data and theoretical curves indicates that the analytical
methods are capable of predicting conductances of the right order of magnitude. However,
discrepancies between the analytical results obtained with the modified MaXWELL-EUCKEN’s model
and experimental results range from 0 to 609 with an average deviation of about 50%.

Based on experimental data it bécomes clear that the octahedral model is superior to the

modified MaxwerLL-EuckeN’s model in evaluating the over-all conductances of the suspensions.
Much of the disagreement is probably due to the simplifying assumptions relating to the
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configuration of the model and the current flow through the model.

The conductance of the suspension is sensitive to the particle-volume fraction, but not to
the conductance of the exchanger particle itself if the conductance of the free electrolyte is
much greater than the conductance of the particle. Conversely speaking, the solid-component

conductance makes the major contribution to the suspension-conductane if the solution normality

107! i
——mmmae from values calculated with modified
MAXWELL-EUuCcKENS model
e = o e from values calculated with octahedral
model
o experimental values
1072

cation exchanger
(Nepton CR-61}

Specific conductance( 7 /cm)

1073

1074
0. 001 0.01 0.1 1.0

Concentration of sodium chloride solution (N)

Other data:

- Mean diameter of exchanger particles=0.074 cm
Particle-volume fraction: 6=0.5%4
Temperature=18°C

Fig. 18 Calculated conductances of cation exchangers-solution
suspensions compare favorably with experiments
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is less than 0.05N.
Consequently, various equations obtained in this development will be employed in a

subsequent chapter for the design purpose of the “ion-exchange-electrolysis equipment”.

107!
-------- from values calculated with modified
MAXWELL-EUCKENs model
———==—==<= from values calculated with
octahedral model
o experimental values
g 1072
AN
B
<33 .
2 anion exchanger
[}
3 (Nepton AR-II)
g >
§ 27
{ 2%
[ 8 2
| = 3%
: (3]
i[ g P
/2] /I
-3
10 -,’-”
| e
; il
I ’,
s
; b Yls
’
i ’
A
1
10°*
0. 001 0.01 0.1 1.0
Concentration of sodium chloride solution (N)
Other data:

Mean diameter of exchanger particles=0.031cm
Particle-volume fraction: 0=0.598
Temperature=18°C

Fig. 19 Calculated conductances of anion exchangers-solution
suspensions compare favorably with experiments
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0! I
= meme—==e= from values calculated with modified
MAXWELL-EUCKEN's model
—— === from values calculated with octahedral
model
0 experimental vziues
102

cation exchanger (Nepton CR-61)

Specific conductance(g ,cm)

anion exchanger

(Nepton AR-IN) '/

0. 001 0. 01 0.1 1.0
Concentration of sodium chloride solution(N)
Other data:

Volumetric ratio of both exchangers: m=2

Mean diameter of mixed exchanger particles=0.061 cm

Particle-volume fraction: 0=0, 586

Temperature=18°C

Fig. 20 Calculated conductances of mixed exchangers-solution
suspensions compare favorably with experiments
Notation

SIS s e e et L

Ap=area of component-A as shown in Fig. 13, measured perpendicular to current flow (=7)

Ag=area of component-B as shown in Fig. 13, measured perpendicular to current flow (=
23 —1) ‘

Ar=area of composite model as shown in Fig. 12, measured perpendicular to current flow
(=2v'3) ‘
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I, =current flow passed through longitudinal section (As) of component-A

I; =current flow passed through longitudinal section (Ap) of component-B

I; =current flow passed through longitudinal section (Ar) of composite model

k,=specific conductance of anion exchanger due to both cation and anion migrations in
suspension (=k*ta+%"4), J/cm

E+, =specific conductance of anion exchanger due to cation migration in suspension (=n%*, *

kA): 6/ cm

k-a=specific conductance of anion exchanger due to anion migration in suspension (=7"a*ka),
glem |

k. =specific conductance of electrolytic .solution due to both cation and anion migrations in
suspension (=F&*.+k7L), &lcm

k+.=specific conductance of electrolytic solution due to cation migration in suspenion (=n'L*

kL); Cj'/ cm
k- =specific conductance of electrolytic solution due to anion migration in suspension (=n"r"

kL), &fcm

Ex =specific conductance of cation exchanger due to both cation and anion migrations in
suspension (=k¥x+k&7x), Offcm

k+. =specific conductance of cation exchanger due to cation migration in suspension (=n*g*

kK)’ 5/ cm
k~x =specific conductance of cation exchanger due to anion migration in suspension (=nk"

kx), Ojem
kp =specific conductance of small particle dispersed within other phase, ¢/cm
k*a, .=function of k*x and k*. (cf. Equation (3.30)), &/cm
ks, 1=function of ¥ x and &7 (cf. Equation (3.31)), &/cm
ktg, =function of k*x and &%, (cf. Equation (3.28)), ¢/em
Bk, v=function of 2 x and &7 (cf. Equation (3.29)), @lem
fx, n=mean specific conductance of mixed exchangers, which is valid only for the treatment

of modified MaxweLL-EuckeN’s model (cf. Equation (3.9)), &/em
k*, p=specific conductance of component-A as shown in Fig. 13 (cf. Equation (3. 20)]), &/cm
E*,, »=specific conductance of component-A in which anion-exchanger phase and fluid phase
are involved, ¢/cm
k*,, «=specific conductance of component-A in which cation-exchanger phase and fluid phase
are involved, &/cm
K,=over-all (or apparent) specific conductance of suspension consisting of contingent sub-
stance having the conductance k. and small particles of conductance ke distributed in

that substance [cf. Equations (3.2), (3.21) and (3.33)), @/cm
K, . =over-all specific conductance of anion exchangers-solution suspension due to both cation

and anion migrations in suspension (=K%¥4,1+K"a,1), (cf. Equations (3.6) and (3. 25)],

&lem
K+, L =over-all specific conductance of anion exchangers-solution suspension due to catino

migration in suspension (cf. Equations (3.7) and (3. 26)), @slem
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K-4,v=over-all specific conductance of anion exchangers-solution suspension due to anion
migration in suspension ‘(cf. Equations (3.8) and (3.27)], ¢/cm
Kk, r=over-all specific conductance of cation exchangers-solution suspension due to both
cation and anion migrations in suspension (=K%, 1+K k1), (cf. Equations (3.3) and
(3.22)), @lem
K+, =over-all specific conductance of cation exchangers-spiution susbension due to cation
migration in suspension [cf. Equations (3.4) and (3.23)], ¢/cm .
K, =over-all specific conductance of cation exchanges-solution suspension due to -anion mi-
gration in -suspension (cf. Equations (3.5) and (3.24)]), &/cm
Kx, a, L=over-all specific conductance of mixed exchangers-solution suspension due to both
cation and anion migrations in suspension (=K%, a,1+K ki ar1); (c¢f. Equation (3.
35)), &slem
K*, a,=over-all specific conductance of mixed exchangers-solution suspension due to cation
migraiton in suspension [(cf. Equation (3.36)], &i/fcm
K, a, .=over-all specific conductance of mixed exchangers-solution suspension due to anion
migration in suspension {(cf. Equation (3.37)), ¢/cm
Kk, a, .=over-all specific conductance of mixed exchangers-solution suspension, which is valid
only for the treatment of modified MAXWELL-EUuCKEN’s model (cf. Equation (3.10)),
&f/cm.
.m =volumetric ratio of anion and cation exchangers, dimensionless
nt,=transport number of cation in anion exchanger, dimensionless
#n~,=transport number of anion in anion exchanger, dimensionless
ntg=transport number of cation in cation exchanger, dimensionless
n-g=transport number of anion in cation exchanger, dimensionless
n*, =transport number of cation in electrolytic solution, dimensionless
n~L=transport number of anion in electrolytic solution, dimensionless
r =radial distance from center line of component-A, defined by Fig. 14
AV =potential difference across composite model consisting of component-A and component-B,
measured in direction of current flow
xp=distance through which electricity is conducted in fluid phase
zp=distance through which electricity is conducted in solid phase

Greek Letters

Ay =equivalent conductance of electrolytic solution, (¢) (sq. cm)/eq.

¢ =particle-volume fraction, or ratio of particle volume to total volume of suspension
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4. Electrolytic Process Incorporating Permselective
Membranes and Granular Ion Exchangers

Evaporation units, ion-exchange beds and ion-exchange-membrane equipments have been
used for the treatment of radioactive aqueous wastes, with merits and demerits. The successful
treatment of radioactive wastes usually requires that the water must be desalted to remove
most of the radioactivity and the salt must be concentrated in as small a volume as possible
to reduce the cost of final storage.

The ion-exchange bed can decontaminate successfully the bulk of low solid wastes (less
than 0.19% dissolved solid), but the efficiency of volume reductien resuliing from the regene-
ration of exchangers with eluents, plus rinses, is usually inadequate.

For the deionization, the use of ion-exchange membranes has been discussed by many

: . 24691011 12
investigators™ ' ' " ).

The knowledge obtained from the desalting of saline water is of
great importance in developing a somewhat related scheme for the treatment of radioactive
aqueous wastes.

Tn the recent past, the “ion-exchange-clectrolysis equipment” composing of ion-exchange
particles, permselective ion-exchange membranes and electrodes has been developed for the

waste disposull'o' 10,

Especially, WALTERS et al!® devised a three-compartment cell that the
mixed ion-exchange particles were packed between both the cation and anion membranes, and
further the anolyte and the catholyte were continuously intermixed in both the anode and
cathode compartments to maintain a ncutral salt solution. "This condition demonstrated that
the regeneration of mixed exchangers could occur and that the salts in the solutions were
continuously removed from the depletion compartment accross the membranes during the ele-
ctrolysis. Therefore the study on the electrolysis process incorporating permselective membranes
and granular ion exchangers is of great utility in developing the scheme for the waste disposal
or in producing portable waters from hard waters.

In Chapter 3, the fundamental studies on the electrolytic conductances of the suspensions
consisting of various types of ion-exchange particles and electrolytic solutions were reported.
Comparison of the experimental data and the theoretical results indicated that the analytical
methods, the modified MaxweLL-Eucken’s model and the octahedral model, were capable of
predicting the apparent conductances of the right order of magnitude and that the conductance

of the resinous component made the major contribution to the value of the suspension con-
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ductance when the external solution normality was less than about 0.05N.
In this chapter, the design theory of the ion-exchange-electrolysis equipment will be

considered by using various equations already described in the previous chapter 2,

4.1 Outline of lon-Exchange-Electrolysis Equipment

For purpose of illustration, a highly simplified model of a mixed bed in contact with a
dilute sodium chloride solution is shown in Fig. 21. A three-component electrolysis cell is
chosen for simplicity in author’s practical study. - A random mixture of the cation and anion

exchange resins is packed between both the cation and anion exchange membrnes. The anolyte
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Fig. 21 Simplified model of mixed bed in contact with
dilute sodium chloride solution, three-compartment-
electrolysis cell

and catholyte are continuously intermixed to eliminate the possibility that hydrogen and hydroxyl
jons can be a prime factor in the reactions occurring in the exchangers chamber (depletion
compartment).

Regardless of the sequence of exchange reactions, the end result is the same, although

there exist many ways in which the cations and anions can migrate through the exchangers.
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Cations and anions in solutions are removed simultaneously by the mixed exchangers in the
usual exchange mechanism and then transferred through the exchanger particles and the
exchange membranes under the influence of the electric field.

The mechanism of salt removal will be expressed as follows:
(1) RiNa+RaCl+H,0 - RH+RAOH+Na*+Cl-
(2) RH+RL,OH+Nat+Cl- = RNa+RACl+H:0

where R, and R, denote the cation exchanger and anion exchanger, respectively. Reaction
(1) represents the regeneration of the exchanger due to hydrolysis. Reaction (2) is the impor-
tant reaction which takes place when the bed is electrolyzed continuously during the addition
of salt solution into the bed. Consequently the salt entering the exchanges bed can be removed
continuously across both the membranes from the bed by the combination of Reactions (1)
and (2). If the exchangers in salt form are packed in the depletion compartment before the
clectrolysis and the sufficient supply of salt solutions is made, the influences of hydrogen and
hydroxyl ions on the efficiency of salt removal seem to be negligible.

The continuous operation of this cell can be reached when the amount of salt entering
the depletion compartment becomes equal to that of salt transferring into the concentration

compartments across both the membranes.

4.2 Theory of lon-Concentration Gradient in Depletion Compartment

When an electrical potential is applied across the whole cell, the solute will be transferred
a across the membranes hy the migration of the ions carring electric current and by ordinary
diffusion, the solvent by a mechanism called electroendosmosis and by ordinary osmosis due to
the difference in the activity of the solvent on either side of the membranes. These mechanisms
will affect the operation of the cell and should be considered in an analysis of its operation.
The solute transfer by electromigration of ions may be calculated from the transport
numbers and specific conductances of the ions within solutions and membranes, with FARADAY’S

law of electrolysis.

The electroendosmosis may be approximated by the use of transport numbers of ions
involved.

The average osmotic pressure across the membrane may be approximated from VaN'T HoFF’s
law, and from this value and experimental data on the hydraulic permeability of the membranes,
the rate of water transfer from the depleted to concentrated stream may be estimated. The
; hydraulic permeability of the synthetxc permselective membrane is very low; hence, it may be
safely assumed that the effect of ordinary osmotic transport of water in the membrane cell is
insignificant in practice, if these membranes are used. In general the effects of the ordmary

diffusion and electroendosmosis are small compared with those of electrolytic transport of ions.

e
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Mass Balance Equation

Using the formulae on the apparent conductances of the ion exchangers-salt solution
suspensions already descrided in the previous chapter, one may derive the equations of the
ion-concentration gradient developing in the depletion compartment.

For the theoretical determination of the concentration gradient, one makes seven assump-
tions as follows: ‘

(1) A random mixture of the anion and cation exchangers (m=2) is closely packed in
the depletion compartment.

(2) The anolyte and catholyte are continuously intermixed at a fast rate. The salt
concentration of the solution in the concentration compartment is higher than that of the
solution in the depletion compartment. Therefore the former keeps a constant value before
and after the electrolysis. .

(3) The membranes used are perfectly permselective, permitting only cations or only
anions to migrate through. ‘

(4) The contributions of the ordinary diffusion and electroendosmosis are small compared
with that of electrolytic transfer of ions. ,

(5) The electrolysis is continued at the steady state.

(6) The ion-concentration gradient develops only in the vertical Z-direction (Fig. 22). In
the depletion compartment, no concentration gradient exists in the direction of current flow.

(7) The equivalent conductance of salt solution is independent on its concentration.

(=) (+)
(C) z 1 (
C -1 (D) C)
[® () z
||
Z 2
cz )
3 - . iz N 3
= s -] £
.gv ~ ; %
; c,tdc, ;
-~ L1
ZIR Iz
L~ = *
- b ju— —d O fa—
|
|1 - Y/

- X' —» Bt o 4—X'—>/

(C) concentration compartment
** (D) depletion compartment

(A) anion exchange membrane

(K) -cation exchange membrane-

Fig. 22 Combination model consisting of depletion
and concentration compartments
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Fig. 22 shows a three-compartment electrolysis cell, i.e., a combination model consisting of
a depletion compartment and two concentration compartments.

Consider one element in the middle of the electrolysis cell (Fig. 22). The solution of molar
concentration ¢z enters this element and leaves it at concentration cz+dcz. The superficial
flow rate through the unpacked compartment is v. Electric current flows from right to left.
As a result of the concomitant salt transfer, a concentration gradient develops in the depletion
compartment in the vertical Z-direction. The electric conductance across the whole cell in the
direction of current flow is the composite of many elements of height dZ each of which has
different conductance. At the steady state, the contribution of each of these elements is only
a function of the distance Z from the cell top, and not of the time. To find the total ion
transfer in the whole cell, one must integrate the transfer occurring in each element over the
total height. '

Here, a salt material balance about the element is given by, according to the above as-
sumptions,

XYvc; = XYvu(cs+dez) +dg (4.1)
or

—XYvdc, = dq (4.2)
One Faraday of electricity will remove one equivalent of salt, if the membranes are perfectly
permselective, permitting only cations or only anions to migrate through. Therefore at steady
state, electric current through this element, dI, is related to the salt transfer, dg, by the equa-
tion

_ pdl _ p(E—Ey) ’
9= "F =" F-a0 4.9

where 0 denotes the average electrolysis efficiency over the whole cell, and E the voltage

applied across the whole cell, E, the total counter-electromotive force, F FARADAY’S constant

and 4Q the ohmic resistance of the element.

Further the ohmic resistance of the same element is expressed as

1 X 2X! a b
Q=g ettt -] (4.4

where Kx, ,. denotes the over-all specific conductance of the mixed exchangers-salt solution

suspension in the depletion compartment, Z, the specific conductance of the salt solution
having molar concentration ¢’ in the concentration compartment, ka,m and kg, m the specific
conductances of the anion and cation exchange membranes, respectively. The formulae of
Ky, a,L were written in the previous chapter.

In order to simplify.the calculation procedure, it is convenient to define some of the terms

in Equation (4.4) as follows:

1
B____ZX +_@a +b (4.5)

kL; ef kA: m kKs m

Combination of Equations (4.2), (4.3), (4.4) with (4.5) yields

_PE—Ey) 4, (X
e az [KK’A’L+ B|de, (4.6)

Only when A, , Ba,m, k&, m, parameter B and average electrolysis efficiency are independent
y P
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on ¢z, one may obtain a following formula with indefinite integrals.

_B(E—EN(,7 - xt_dez
L= L) SdZ——XSK—————-}—BcZ-I—P 4.7)

KA L

If the relation between Kk, a,L and ¢z is known and an integral term in the right-hand side
of Equation (4.7) can be evaluated, Equation (4.7) will serve the useful form of predicting

the ion-concentration gradient in the depletion compartment.

Membrane Potential and Electrolysis Efficiency

Under the steady state conditions of electric curzent flow and hydraulic flow, the total
counter-electromotive force set up in the cell is the sum of (1) the end-electrode potentials,
(2) the concentration or diffusion potentials in the solution, and (3) the average membrane
potentials.

The end-electrode potential is, for example, about 2.5 volts for sodium chloride solution
using graphite electrodes and in practice is seen to be about 3 volts, the increasing amount
being due to the presence of hydroxyl or hydrogen ions in the electrode compartments.

The size of diffusion potential depends on the electrolyte in the cell and will be zero for
potassium chloride with its nearly equal ionic transport numbers. For sodium chloride, the
contribution of this potential will be very small compared with the end-electrode potential and
will be neglected in this treatment.

The membrane potentials arise across each membrane due to the concentration differences
on either side. The numerical value of the average ideal membrane potential E*,.., across a
perfectly permselective membrane separating two solutions of a univalent electrolyte at different

concentrations ¢’ and ¢z, neglecting activity coefficients is given by
Ed = Int (4.8)

where ¢’ and &; denote the salt concentration of bulk solution in the concentration compartments
and the average salt concentration of bulk solution in the depletion compartment, respectively.
Equation (4.8) is the same as NERNST'S potential expression.

Since the actual membrane permits the little conduction of the oppositely signed ions, how-

ever, the following correction should be applied to the above equationa's’lz).
RT , ¢
= + A~ "‘ —_— —_—
E. en [<n o~ LN m>} 7 naZ
!
- {2<n*m>—1]%z—ln—% © 49

where E... denotes the average actual membrane potential, #*, and 7 . the transport numbers
of cation and anion within any portion of a membrane. Notation 7%, is the transport number
of the ion (within any portion :of a membrane) to which the membrane is more permeable.
These transport numbers are dependent on the concentrations of solutions on either side of the
membrane. Therefore the symbol < > gives an average transport number over a whole
membrane.

From Equations (4.8) and (4.9),
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Emem
E‘dem

As above mentioned, one Faraday of electricity will remove one equivalent of salt, if the

=2<nE, > —1 (4.10)

membranes are perfectly permselective. Thus the average electrolysis efliciency is equal to

g =2<n¥,>—1 (4.11)

3
for an actual membrane®.

However, the electrolysis efficiency will vary from point to point in any comartment
because of changing concentrations and current densities. It is troublesome to evaluate <#z¥,>
as well as the electrolysis efficiency at each point.

One approach to this problem is to consider the change of concentration in the depletion
compartment. Discuss the general characteristics of the electrolysis efficiency in the membrane
cell, apart from the calculation methods of <#z%,>. Fig. 23 shows the mechanisms of salt
transports and salt liberations in the cell with the permselective membranes. The use of the
ion-exchange membranes for electrolysis is based on the fact that cation exchange membranes
are readily permeable to cations yet relatively impermeable to anions, whereas for anion ex-
change membranes the reverse in the case. Therefore if the electrical neutrality is held in

the depletion compartment, the rate of salt transfer is equivalent to that of salt liberation ;

[2<nim>_1] I/FZV(CO—COM) (4' 12)
Thus the average electrolysis efficiency is also defined as follows:
J=2<nt>—1 = FV(co—com) /] (4.13)
anion exchange cation exchange
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where ¢, and c.. denote the initial and final concentration of the depleted stream, and V the
volumetric flow rate of effluent.
The result of Equations (4.11) and (4.13) indicates that if the completely permselective

membranes are used the maximum value of the electrolysis efficiency approaches 100% for the
salt transfer.

Treatment of‘ Modified Maxwell-Eucken's Model

An approximate formula obtained from this model for the over-all specific conductance of
the mixed exchangers-salt solution suspension is represented by Equation (3.10)
KK, AL = kL{]f—K,A(ZO"{"l)—‘ZkL(O'—l)} : (4. 14)
k[{, A(l—G) +kL(2+0')
where kg, » and & are given by

i _ kx+mkA
kg, R | (4.15)

and
k= /1]_, . Czllo3 (4. 16)
Substituting Equations (4.14) and (4.16) into (4.7), and determining an integration constzat P

with a boundary condition that ¢;=¢, at Z=0, one may obtain the conclusive expression for

the concentration gradient in the depletion compartment as follows:

1 pE-E), X 1  T¢_ )
Bcy, FXv z Be, (26+1)/1L-10“3[<1 U)ln(c'z)

Y9 n{];K,A(ZO"*'l) +2/1L‘1O_3(1_U)CZ}]+(Co—Cz )
2(1—0) Ex, s(20+1)+24.-1073(1—0)co Co

(4.17)

By a variation of Equation (4.17), the number of transfer units required, under the condition
that the solution of concentration ¢, enters the depletion compartment of the whole height H

and leaves it at concentration cou, is given by

=1 PE—E)p X 1 — ( Co)
NT.U =g “Fxo 1~ Ba ey L
90 Ex, a(20+1) +24.-1073(1—0) Cone (c _cm) .
— Inj =X 2 0 tom 4.18
2(1—0) n{ Fx, a(20+1) +24.+1073(1—0)co }]+ Co (4.18)
Therefore the height of transfer unit in the same compartment is
_  H _ Be FXv
HT.U =NT0" 5(F—E) | (4.19)

It becomes clear that H.T.U. in the depletion compartment should be inversely propoftional
to @ and (E—E,).

Treatment of Octahedral Model

Another approximate formula obtained from this model for the over-all specific conductance
of the mixed exchanges (m=2)-salt solution suspension is given by Equation (3. 35)

K, 5, 1=K, a,1+K 7k, a0 L (4. 20)
where
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K+K) AL = 0- 093 71+L‘k[,+0. 605 k+K, L+1. 21 k+A; L
and (4.21)
K_K; AL = 0.093 np-k+0. 605 k—x, 1+1.21 k—A, L

In this treatment, one must perform the calculation of the integral term in the right-hand side
of Equation (4.7) by means of the graphical integration, since a relation between Kk, a,1 and
¢z is extremely complicated.

Hereupon, the definite integration of both sides of Equation (4.6) yields

1 P(E—E), _ X ("_de = 4
Bey, FXv Z Bc, csz,A,L+ Co (4.22)

Representative values of the integral term will be described in TABLE 25.

4. 3 Experimental Determination of Electrolysis Efficiency

For the theoretical determination of the concentration gradient in the depletion compartment,
one of the most important factors is the average electrolysis efficiency over the whole electro-
lysis cell. However, it is necessary to discuss whether Equation (4.13) is valid with good
approximation or not, because the accurate value of the electrolysis efficiency should be deter-
mined by measuring the concentration changes of the solute in the concentration compartments

after the start of electrolysis.

Experimental Equipment

To check the validity and usefulness of Equation (4.13) for the average electrolysis effi-
ciency, a model cell as shown in Fig. 24 was constructed and operated. Equipment constants,
membranes constants and exchangers constants in this model cell are given in Taste20. The
results predicted by Equation (4.13) were compared with actual operating data. The sodium
chloride solutions containing the radioactive 2*Na tracer were often employed as the feed solution
to measure the amount of the salt transfer across the membranes under the influence of the
electric field. A schematic arrangement of the accessory equipment is shown in Fig. 25. Little
thought is given to the cell capacity. The cell is composed of three compartments whose
internal cross-section is 40sg.cm and whose thickness 0.75cm. These are separated by
Nepton CR-61 and Nepton AR-III, each approximately about 0.065cm thick. To keep the
membranes evenly spaced, polyethylene spacers and rubber gasket are used in each compartment
which has an inlet and outlet port. A polyethylene spacer existing in the middle of the cell
has four small holes through which the solution in the depletion compartment may be taken
out for the measurement of their concentrations or their radio-activities. Anode and cathode

are both of graphite plate and each has a face area of about 40 sq. cm.
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Fig. 24 Ion-exchange-electrolysis equipment (three-compartment cell) consisting
of mixed exchangers, permselective membranes and electrodes.

. Tasle 20 Equipment Constants, Membranes Constants and Exchangers Constants
o in Ion-Exchange-Electrolysis Equipment shown in Fig. 24

Equipment constants
Effective exchanger-bed depth in depletion compartment: H=14 cm
Depletion-compartment thickness (distance between both membranes): X=0.75cm
Concentration-compartment thickness (distance between electrode and membrane):
X’'=0.75cm
Compariment width: Y=2.8cm
Effective membrane area=40sq.cm
Membranes used
Nepton CR-61 thickness: 5=0.06cm
Nepton AR-III thickness: @=0.07cm
Exchangers mixed
Amberlite IR-120 (sodium form)
Amberlite IRA-410 (chloride form)
Volumetric ratio of anion and cation exchangers: m=2
Particle-volume fraction: ¢=0.588
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Fig. 25 Schematic arrangement of accessory equipment

Experimental Procedure

(1) Feed solutions were made from natural sodium chloride and filtered. After through-
out mixing and testing for salt concentration, the solutions were pumped into a feed tank.
Further radioactive solutions of the same concentration were composed of deionized water with
natural sodium chloride containing a small quantity of radioactive sodium chloride (**NaCl) as
a tracer (about 8,000 counts per minute per milliliter) and then added into another feed tank.

(2) The depletion compartment was charged by filling with deionized water after a
random mixture (m=2) "of anion exchangers (chloride form) and cation exchangers (sodium
form) was added into the compartment.

(3) Non active sodium chloride solutions of 0.5~ to 1.0N, higher than that of the
feed solution, were confined in the concentration compartments and circulated in them at a
fast rate (about 10 cu. cm per sec).

(4) From the feed tank, the non-active solutions were metered to the depletion com-
partment through a rotameter. After the feed rate was set, the voltage applied to the whole
cell was adjusted to the desired value. ‘

(5) When the steady state operation was reached as judged by the constancy of the
effluent concentration, electric current, and flow rate, a two-way stopcock was turned to stop a
stream of the nonactive solution and simultaneously to supply the radioactive solu:tion into

the depletion compartment. The same conditions of the electrolysis were taken before and
after tHe turn of the stopcock. ‘
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(6) The solutions in the concentration compartments were taken out with a medical
injection-syringe every one minute after the suppy of the radioactive solution. For most runs
these samples were about 1cc in volume and their radioactivities were measured with a well-
type-scintillation detector (7-ray). The value of activity indicated the amount of the salt
transferred across the membranes into the concentration compartments. The electric current,

applied voltage, flow rate and effluent concentration were checked every one minute also.

Experimental and Analytical Results

The amount of sodium ion that transferred accross the cation-exchange membrane into an
element of unit volume in the concentration compartments for ¢, minutes after the supply of

the radioactive solution is given by
S = %(meq./cu. cm) ‘ : (4.23)

where @ denotes the amount of sodium ion transferred into the entire concentration compart-
ments for ¢, minutes and W a capacity of the concentration compartments, plus tubes outside.

If the average electrolysis efficiency that can be estimated by ‘measuring the concentration
change of the solute in the concentration compartments 1s written as @, the following equations

can be obtained:

Q = p* It..x60/96.5=0. 602 p* It,, (meq.) (4.24)
and
;?__—_ ‘S;W =0.602 7% I (meq./min) (4. 25)

Under the electrolysis condition that ¢* and I are unchangeable, the left-hand side of Eguation
(4.25) will present a constant value. Conversely speaking, #* can be evaluated from Equation
(4.25), if the value of S is determined experimentally by measuring the amount of radioactivity
accumulated in the concentration compartments.

For the determination of @* value, the cell was operated according to the electrolysis
conditions as shown in Tase21. The variables studied were - coricentration of feed solution,

TaBLE 21 Steady State Electrolysis Conditions chosen for
Determination of Average Electrolysis Efficiency
in Concentration-Compartment Side

Conditions (A)-1 (A)-2 (A)-3

co, N 0.1 0.1 0.05

¢, N 1.0 1.0 0.5

Couts N 0.0162 0.0206 0.00923
v, cm/sec 0.095 0.12 0.17

V, cu, cm/sec 0.20 0.25 0.36

E, volt 10.7 8.6 12.5
E-Ey, volt 8.1 6.0 9.9

I, amp. 1.7 2.0 1.5

QOther data:

Rate of flow circulating in concentration compartments=10.0 cu. cm/sec
Capacity of concentration compartments plus tubes outside : W=83.6 cu.cm
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concentration of the solute in the concentration compartments, flow rate and applied voltage.
Fig. 26 shows the experimental relations between the electrolysis period of time . and S defined
by Equation (4.23). Fig. 27 also gives the experimental relations between ¢, and Q/f, defined
by Equation (4.25). Here, the values of Q/t. were calculated from the experimental results:
of S that was determined by measuring the transferred activities.

From the experimental data shown in Tasie21 and the results indicated in Fig. 27, it is

0. 07

0. 06

0. 05} Y,

0. 04y

S (meq. /cu. cm)

0. 031

| 0. 023 3 7} 5 6

tm (min)

Fig. 26 Experimental relations between electrolysis period
of time Zn and S defined by Equation (4.23)
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Fig. 27 Experimental relations between el_ectrolysis pgriod‘
of time £ and @Q/tn defined by Equation (4. 25)
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possible to evaluate the average electrolysis efficiency p* defined by Equation (4.25) and that
of 0 defined by Equation (4.13). TaBLE22 shows the experimental values of §* and the calcu-
lated values of @ for various cell-operation conditions.

The average electrolysis efficiency, calculated from the initial and final concentration of
the depleted stream and the efluent flow rate, is two or three per cent higher than the actual
average electrolysis efficiency. In general, this efficiency is quite constant over a wide range
of depleted effluent concentration but begins to drop rapidly when greater than 98% depletion
is attained.

However, comparison of both the results indicates that Equation (4. 13) having a simplifying
form is capable of predicting the average electrolysis efficiency of the right order of magnitude.
For the determination of the average electrolysis efficiency, it is extremely troublesome to take
out the samples from the concentration compartments during the electrolysis to measure their
activities by a scintillation counter. Therefore, in the following studies, Equation (4. 13) will

be applied to the estimation of this efficiency.

TABLE22 Experimental Values of g* and Calculated Values of p

Conditions (A)-1 (A)-2 (A)-3
0.95 0.98 0.96

™

Average electrolysis
efficiency

0.93 0.96 0.94

]
*

4. 4 Determination of lon-Concentration Gradient in Depletion

Compartment

Experimental Results

For the determination of the ion-concentration gradient developing in the depletion com-
partment, the cell was operated according to the following schedule

;( 1) The electrolysis cell already described in Fig. 24 was employed for this purpose.

(2) The depletion compatment was charged by filling with deionized water after a
random mixture (m=2) of anion exchangers (chloride form) and cation exchangers (sodium
form) was added into the comprtment.

| (3) - Non-active-sodium-chloride solutions of high concentrations were circulated at a fast

rate in the concentration compartments. ‘

(4) From the beginning of electrolysis, feed solutions of sodium chloride containing a
small quantity of radioactive *'Na tracer were passed through the depletion compartment.

(5) After the feed rate was set, the electrolysis. was continued at the steady state
according to the conditions as shown in TABLE 23. ' '

(6) With medical injection-syrings, the solutions in the depletion compartment were

taken out through the small holes locating at regular intervals (3cm) over a middle spacer to




72

Deionization Processes with Ion Exchange and with Electromigration

JAERI 1038

measure their activities. Sample’s concentrations were determined by these activities.

the depletion compartment in the vertical Z-direction.

Ion—concentration fraction {€z,/Co)

The indexes in Fig. 28 show the experimental results of the ion-concentration fraction in

1.0

0.8

0.6

0.4

0.2

TasLE 23 Steady State Electrolysis Conditions chosen for Determination
of Ion-Concentration Gradient in Depletion Compartment

Conditions (B)-1 (B)-2 (B)-3
co, N 0.1 0.05 0.05
¢/, N 1.0 0.5 0.5
Conty N 0.0102 0.0147 0.0286
v, cm/sec 0.101 - 0.202 0.201
E, volt . 12.7 12.6 7.6
E—E,, volt 10.0 10.0 5.0
I, amp 1.9 1.5 0.89
Fj 0.98 0.98 0.98

Other data:

Rate of flow circulating in concentration compartments=10.5 cu. cm/sec
Capacity of concentration compartments plus tubes outside: W=82.5cu.cm

analytical curves

at condition (B)-3

" analytical curves

at condition(B) —2

analytical curves o ~ o
~
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A at condition (B) -3

from values calculated with octahedral model

-w == from values calculated with modified MaxwerL-
Eucken’s model

Fig. 28 Calculated curves of ion-concentration gradient in depletion
compartment compare favorably with experiments

Experimental results:

Analytical curves:
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Analytical Results with Modified Maxwell-Eucken’s Model

It is possible to obtain the analytical curves of cz/c, versus Z by using Equation (4.17).
Data required for this calculation are, for example, as follows:
(1) Equipment dimensions, membranes constants and depletion-bed constants are presented
in TABLE 20.

(2) Cell-operation conditions are written in TAsLE 23.

(3) B-values for various operation conditions are given in TABLE 24.
s (4) Other data are

F=96.5 coulombs/meq.

A.=100 (¢) (sq. cm)/eq. (at 18°C)

kx=8x%10"% &/cm

ka=4x10"2 #lcm

kg, a=5.33x10"3 ¢fem

The dotted lines in Fig. 28 show the analytical curves of cz/c, versus Z.

TABLE 24 Calculated Values of Parameter B for Various
Operation Conditions

Conditions (B)-1 g E g:g
co, N 0.1 0.05
¢, N 1.0 0.5
kx, = (10%), grfcm 15.0 11.8
: ka,m(10%), grfecm 9.0 7.5
g kL,cr (10%), g5fem 74.2 40.4
B, (2) (sq.cm) 32.0 51.5
o d
: TABLE 25 Calculation of S %2 1y means of Graphical Integration
. Kx,a,L
(B)-1 (B)-2, (B)-3
co. N 0.1 0.05
¢/, N 1.0 0.5
cz. N KK,A;L l/KK,A,L I, KK: A,L 1/KK’ AL Iz
’ glem | () (em) |(2) (em) (N)| glem | (2) (em) [(2) (cm) (N)
0.001 0.371 2.70 30.3 0.371 2.7 20.5
0.005 1.21 0. 827 26.7 1.21 0. 827 15.9
0.01 1.78 0. 562 22.4 1.78 0.562 12.6
} 0.05 4.28 0.232 9.75 4,28 0.232 —
0.1 6.26 0.160 —_ —_ —_— —_
Co=0.1 co=0, 05
Il =S ’ d(,‘z IZ=SO dCz
KK, AL ’ KK’ AL

£z (44
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Analytical Results with Octahedral Model

In this treatment, the calculation of an integral term in the right-hand side of Equation
(4. 22) must be performed by means of the graphical integration. Here, Kk, a,1 is the over-all
specific conductance of the mixed exchangers-salt solution suspension, depending ‘on the salt
concentration. These experimental data and theoretical results are expressed in Fig. 20 in the
previous chapter.

TasLe 25 shows the results of the graphical integration for various operation conditions. By
substituting the suitable data into Equation (4.22), thus, one may obtain the analytical curves

of czfco versus Z, which are indicated by the solid lines in Fig. 28.

Considerations

Comparison of the experimental data and theoretical curves indicates that the analytical
methods are capable of predicting the ion-concentration gradient in the depletion compartment.
However, discrepancies between the analytical results obtained from the modified MAXWELL-
Eucken’s model and experimental results range from 5 to 25% with an average deviation of
about 20%. Much of disagreement is probably due to the simplifying assumptions regarding
the configuration of the model, the constancy of the salt concentration of the solution in the
concentration compartments, the constancy of the membrane conductances, and the equilibrium
state between the ion exchangers and the solutions outside.

Based on the experimental data the octahedral model is superior to the modified MAXWELL-
EuckeN’s model in predicting the concentration gradient, but Equation (4.17) is of great utility
for the practical design of the ion-exchange-electrolysis equipment, because it has a conclusive

and simple formula.

4.5 Calculation of Cell Resistance

For the cell design, it is worthwhile to predict the ohmic resistance of the electrolysis cell
at the steady state. If the agreement between the predicted and actual values of cell resistance
is_very satisfactory, the validity of the author’s analytical methods already proposed in this
development may be corroborated.

The ohmic resistance of the whole cell may be broken in two parts, the concentration-
compartment resistance plus both the membrane resistances, and the suspension-bed resistance.

The specific resistances of the ion-exchangers and membranes are a function of the nature
of the ions involved, the average concentration of these ions in the solutions, and temperature
of the system. Similarly, the solution specific resistance is a function of the nature of the
solute, the concentration of solute, and the temperature. If these functions are known, and
if at the steady state the ion-concentration gradient developing in the depletion compartment
of given geometry is known, the cell resistance can be zvaluated. Needless to say, this is

not a convenient way to estimate the cell resistance.
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One approach to this problem of calculating the cell resistance i§":to make a simplifying
assumption regarding the ion-concentration gradient. A great simplification is accomplished
by considering the electrolysis at low current density. Fig. 28, for example, indicates that at

low current density the concentration gradient is represented by the nearly straight line,

gz (4. 26)

Co
From the same figure, the values of coefficient 8 are given as follows:
8 =0.0677 (for condition (B)-1)
=0.0507 (for condition (B)-2) (4.27)
=0.0315 (for condition (B)-3)
The relation between the bulk-solution concentration and the apparent conductance of the

jon exchangers-salt solution suspension is very complicated. However, Fig. 20 in the previous

chapter shows that the over-all specific conductance of the suspension consisting of the mixed

exchangers (m=2) and sodium chloride solution is approximately given by
KK, AL= 22x10-3 (CZ>0.53 (4_ 28)

Consider one element in the middle of the suspension bed in the depletion compartment,

except the concentration compartments and both the membranes. The electrical conductance

of this element is

dr = Y;‘gz Ko o1 (4. 29)

The electrical conductance across the whole suspenion bed- in the direction of current flow is

the composite of many elements of height dZ each of which has different conductance.
It is tacitly assumed in performing the integration of Equation (4.29) that voltage drop
across the cell is the same at all points in the cell or that the faces of the membranes boun-

ding the depletion compartment are equipotential surfaces. Therefore the total conductance

of the suspension bed is expressed by

H H
_ Y
Iﬂ-—-So dk ‘YSO K, a1 dZ | (4.30)
After the combination of Equations (4.26) and (4.28) with (4. 30), the performance of integra-
tion yields
_22x107% ()R Yo 1— 1.53 4
F=T 1 E3 X 1—-Q—BH)*™) (4.31)

Using the cell geometry as shown in Taste20, the ohmic resistance of the suspension bed is

given by

_ 18.7 B
R = y=a—a—14 = (4.32)

On the other hand, the ohmic resistance of the part consisting of the concentration compart-

ments and both the membrnes is

B
! —

where the representative values of B are shown in TasLe24. Therefore the total ohmic resis-
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tance of the cell is written as
Rr = Rs+R' (4.34)
TABLE 26 presents a comparison of the experimental and analytical results of the cell resis-
tance. The analytical data have been calculated with Equations (4.27), (4.32), (4.33) and

(4.34) for representative operation conditions. The agreement between the experimental and
analytical results of the cell resistance is very satisfactory.

TaBLE 26 Comparison of Experimental and Analytical Results
of Cell Resistance

Experimental result Analytical result
(B)-1 (B)-2 (B)-3 (B)-1 (B)-2 (B)-3
Rs, 2 — — —_ 4.38 5.31 4.22
R, Q — — — 0.80 1,30 1.30
Rr, Q 5.26 6.67 5.61 5.18 6.61 5.52

4. 6 Conclusions

An electrolysis cell, so called ion-exchange-electrolysis equipment, was built and operated.
This equipment was developed for eluting salt ions electrolytically from the mixed ion exchange
bed across permselective membranes. The reason for resorting to electrolytic regeneration of
the granular exchangers was to allow high volume-reduction factors not attainable by conven-
tional chemical regeneration.

Electrolytic deionization could be conducted with reasonably good efficiency. The highest
electrolytic deionization was achieved in a continuous process, i.€., continuous flow of the diluent
through the exchanger bed; in other words the ion exchangers served the important function
of providing a relatively high and nearly constant conductivity for deionization over an ext-
remely large conductivity range.

For the practical design of this equipment, the theories on the ion-concentration gradient
developed in the depletion compartment were proposed and some comparison made with the
experimental data. The equations of the concentration gradient were derived as a function of
feed solution concentration, flow rate of depleted stream, electrical voltage, total current, ele-
ctrolysis efficiency, specific conductances of ion-exchangers, membranes and solutions, particle-
volume fraction, and cell geometry. The radioactive *Na tracers have been utilized to measure
actual concentration gradients. Comparison of the experimental data and theoretical results
indicated that the analytical methods, the modified MAXWELL-EUCKEN’s model and the octahedral
model, were capable of the design of the equipment.

In addition, the calculation methods of the average electrolysis efficiency and cell resistance
were proposed and have been examined experimentally. Agreements between experimental and

theoretical results were very satisfactory.

The total resistance should be reduced to the lowest possible value to achieve as high a
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capacity as possible for a cell. One way in which this can be done is by decreasing compart-
ment and membrane thickness. This minimum compartment thickness that can be used is
determined by the pressure drops that can be tolerated in the flowing stream without rupturing
membranes and by the design problem encountered in feeding the cell streams. The operation

that the anolyte and catholyte are continuously intermixed at a fast rate seems to have a

disadvantage of producing high pressure drop.

The results reported in this chapter are based on an exchanger-bed composition of 66%
anion exchanger by volume. This choice was entirely based on the fact that such a mixture
give effluents with pH’s closer to 7 than were obtained with a few other bed compositions.
Since the cation exchanger is the better conductor, it might be desirable to use even less anion

exchanger. This question has not yet been investigated.

Notation

a =thickness of anion exchange membrane, cm

b =thickness of cation exchange membrane, cm

B =parameter (cf. Equation (4.5)], () (sq. cm)

¢ =concentration of salt in feed solution entering depletion compartment, meg./cu. cm, solution
co=concentration of salt in effluent leaving depletion compartment, meg./cu.cm, solution

¢z =salt concentration of bulk solution at position Z in depletion compartment at steady

state, meq./cu. cm, solution

¢, =average salt concentration of bulk solution in depletion compartment, meg./cu. cm, solution
¢ =salt concentration of bulk solution in concentration compartments, meg./cu.cm, solution

E =voltage applied across the whole cell, volts

E,=total counter-electromotive force, or sum of end-electrode potential, concentration or
diffusion potential and average actual membrane potential, volts
E...=average actual membrane potential {cf. Equation (4.9)], volts
E . =average ideal membrane potential (cf. Equation (4.8)), volts

F =FaRrApAY’s constant, 96.5 coulombs/meq.

H =effective exchanger-bed depth in depletion compartment, cm
H.T.U.=height of transfer unit in depletion compartment at steady state (cf. Equation (4.19)],
cm
I =total electric current passing through the whole cell, amperes
ks =specific conductance of anion exchanger, ¢/cm
Ex =specific conductance of cation exchanger, ¢/cm
% =specific conductance of electrolytic solution, ¢/cm
ka, » =specific conductance of anion exchange membrane, &lcm
x, » =specific conductance of cation exchange membrane, &lem

k., o =specific conductance of electrolytic solution having molar concentration ¢', §/cm

et L e AL i S S A, A R A et ettt
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Ex,» =mean specific conductance of mixed exchangers, which is valid only for the treatment
of modified MaxweLL-EUckEN’s model, &/cm
Kx, a,. =over-all specific conductance of mixed exchangers-solution suspension due to both
cation and anion migrations in suspension, ¢j/cm
K*g, a,1. =over-all specific conductance of mixed exchangers-solution suspension due to cation
migration in suspension, {ffcm
K, a,1. =over-all specific conductance of mixed exchangers-solution suspension due to anion
migration in suspension, &/cm
K, a1 =over-all specific conductance of mixed exchangers-solution suspension, which is valid
only for the treatment of modified MaxweLL-EUCcKEN’s model, ¢/cm
m =volumetric ratio of anion and cation exchangers in depletion compartment, dimensionless
n*, =transport number of cation within any portion of a membrane, dimensionless
7~ =transport number of anion within any portion of a membrane, dimensionless
n*, =transport number of ion (within any portion of a membrane) to which the membrane
is more permeable, dimensionless
<n*,> =average transport number of cation over a whole membrane, dimensionless

<n—,> =average transport number of anion over a whole membrane, dimensionless

<n*_> =average transport number of ion to which the membrane is more permeable (over

a whole membrane), dimensionless

N. T.U.=number of transfer units required under the condition that the solution of concent-
ration ¢, enters the depletion compartment of the whole height H and leaves it at
concentration c.., dimensionless

q =rate of salt transfer, meq./sec

@Q =amount of sodium ion transferred across cation exchange membrane into entire concent-
ration compartments for Z, minutes after the supply of radioactive solutions (cf. Equation
(4. 24)), meq.

Rs=ohmic resistance of suspension bed in depletion compartment, except concentration com-

partments and membranes, £

Rr=total ohmic resistance of electrolysis cell, 2

R" =ohmic resistance of the part consisting of concentration compartments and membranes, &

1
H
E
L
H
i
4

S =amount of sodium ion transferred across cation exchange membrane into an element of
unit volume in the concentration compartments for #, minutes after the supply of
radioactive solutions [cf. Equation (4.23)), meq./cu.cm

¢ =electrolysis period min.

T =absolute temperature, °K

v =superficial flow rate of fluid through dn unpacked depletion compartment of the same
geometry, cm/sec _

V =volumetic flow rate of fluid through the depletion compartment of the same geometry,

cu. cm/sec

W =capacity of concentration compartments plus tubes outside, cu. cm

X =depletion-compartment thickness, or distance between both membranes, cm
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X' =concentration-compartment thickness, or distance between electrode and membrane, cm

Y =compartment width, cm

Z =any position in depletion compartment, measured from the top of cell, cm

Greek Letters

B =coeflicient of Z (cf. Equation (4.26)), dimensionless

£ =total electrical conductance of suspension bed in depletion compartment, ¢

Ar=equivalent conductance of electrolytic solution, (¢) (sq. cm)/eq.

0 =average electrolysis efliciency over a whole cell (cf. Equation (4.3)), or defined by the

concentration change of solute in depletion compartment (cf. Equation (4.13)), dimen-

sionless

g* =average electrolysis efficiency over the whole cell evaluated from the measurement of

the concentration change of solute in the concentration compartments (cf. Equation

(4. 25)], dimensionless

o =particle-volume fraction, dimensionless

D
2)
3)

4)
5)
6)
7)
8)
9
10)
11)
12)
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Summary

In Chapter 1 and Chapter 2, new ejuations and new data were presented on cation and
anion exchanges in the fixed-bed equipment. A strongly-acidic-cation-exchange resin and a
strongly-basic-anion-exchange resin were chosen as the cation exchanger and the anion exchager,
respectively. All the fixed bed runs were made in which sodium chloride solutions were passed
through a bed of hydrogen form of Amberlite IR-120 and through another bed of hydroxyl
form of Amberlite IRA-410. Available data on the effect of changing particle size, flow rate
and temperature were correlated, since these variables are basic to the operation of the ion-
exchange bed.

A simple method of separating the contributions of liquid- and solid-side diffusional resis-
tances was suggested in these chapters. Data for the exchange of the regenerated resins with
0.1 N solutions of sodium chloride were correlated by author’s analytical procedure. Thus the
SuErwoop number was found to vary with the 0.78 to 0.80 power of ‘the REYNOLDS number.

The number of liquid-side transfer units and the number of solid-side transfer units were
compared with the results derived by MICHAELS and by GLueckaur. The methods for calculating
the height of the exchange zone within the fixed bed and the resin-utilization factor were
discussed with data obtained in this study.

In Chapter 3, apparent electrolytic conductances of the ion exchangers-electrolytic solution
suspensions were considered. A strongly-acidic-cation-exchange resin, Amberlite IR-120 (sodium
form), and a strongly-basic-anion-exchange resin, Amberlite IRA-410 (chloride form), were
chosen as the cation transportor and anion transportor, reépectively. Further 0.001~ to 1.0N
sodium chloride solutions were used as the electrolytic conductor outside the exchangers.

Two analytical methods, the modified MaxweLL-Eucken’s’ model and the octahedral model,
have been developed to replace experimental determination of the suspension conductances.
Comparison of the experimental data and the theoretical curves indicated that the analytical
methods are capable of predicting conductances of the right order of magnitude and that the
conductance of the resinous component makes the major ‘contribution to the values of the
suspension conductance when the solution normality is less than 0.05N.

In chapter 4, analytical and experimental discussions on the ion-exchange- electrolysxs equip-
ment were reported. This equipment was developed for eluting salt ions electrolytically from
the mixed ion-exchange bed across permselective ion-exchange membranes.

The electrochemical properties of ion-exchangers and synthetic ion-exchange membranes
and those of electrolytic solutions have been utilized to predict the performance of this equip-
ment in deionizing sodium chloride solutions. Especially equations were derived for the ion-
concentration gradient developed in the depletion compartment at the steady state, as a function
of feed-solution concentration, flow rate of depleted stream, electric voltage, total current, ele-

ctrolysis efficiency, specific conductances of ion exchangers, membrances and solutions, particle-
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volume fraction, and cell geometry. The radioactive 2*Na tracers have been utilized to measure

actual ion-concentration gradients. Agreement of results on the concentration gradient was

satisfactory, when the electrolysis was carried out at low current density.

In addition, some calculation methods for the average electrolysis efficiency and cell resistance

were proposed and have been examined experimentally. These analytical and experimental

. treatments were of great utility for the practical design of the ion-exchange-electrolysis-
equipment.

2 1




