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MATHEMATICAL THEORY OP ELECTROCHEMICAL 
DEMINERALIZATION IN PLOWING SYSTEMS

CHAPTER I 

INTRODUCTION

A process for the desalination of water by the elec­
trically-induced adsorption of ions on porous carbon elec­
trodes has been under study at the University of Oklahoma 
for several years (1-4). The object of the present research 
is to arrive at a mathematical theory for the concentration 
changes occurring in a demineralization cell employing such 
a process.

The problem is to find relationships for the concen­
tration distributions inside the cell as a function of time. 
Other investigators have obtained equations describing gas 
adsorption and ion-exchange column operations which are simi­
lar in that they also involve the transfer of matter between 
a moving fluid phase and a stationary solid phase. Discus­
sion of these systems will illustrate some of the problems 
involved in the demineralization system.

Vermuelen (5) and McLeod (6) have pointed out that 
for the gas adsorption system the problem of finding the re­
lationship for the concentration distribution involves the

1



2
mass balance equation, the equilibrium relationship between 
adsorbed and solution phases and the mass transfer rate equa­
tion. In the demlnerallzatlon system under study here the 
mass balance equation and the equilibrium relationship pre­
sent no problem. The equilibrium Isotherm has been assumed 
to be linear. Although this was found to be a poor assump­
tion In the case of gas adsorption (6), It has been adequate 
for electrically-induced adsorption of Ions. Of the several 
experimental conditions Investigated In this research; how­
ever, this - assumption may be questionable for conditions In­
volving the highest applied potential.

The mass transfer rate equation presents a more diffi­
cult problem, and one which has been of Interest for many 
years to Investigators working with electrode reactions. The 
velocity of electrochemical reactions on the surface of an 
electrode Is governed both by the rate of transfer of Ions 
to the electrode and by the rate of the electrode reactions 
themselves. The assumption is made In the present research 
that the rate of the electrode reactions Is much faster than 
the rate of transfer to the electrode.

Three mechanisms are usually assumed for the trans­
port of Ions: diffusion, electrical migration, and convec­
tion. Early Investigators In the field of electrode reactions 
simplified the problem of mass transfer by choosing conditions 
such that one or more of these mechanisms was of negligible
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Importance. This was done because the mass transfer rate ex­
pression becomes quite complex when all three are considered 
together. Work on mass transfer was reported as early as 
1879 and for many years consisted of a treatment of diffusion 
only, as was done by Rosebrugh and Miller (7), and Sand (8).

Other pertinent work on the subject of mass transfer 
was reported by Levich (g-l4), Tobias, Eisenberg and Wilke 
(15-18), Wagner (19-21), and Agar (22). Levich (ll) and 
Eucken (25) were the first to consider the general case with 
all three components of flux within the solution and to apply 
the principles of hydrodynamics to concentration changes.

Most of the earlier work has been reviewed in detail 
by Agar (22) in 194-7 and Tobias, Eisenberg, and Wilke ( 15) 
in 1952. The previous papers were not only collected and com­
pared, but Agar also attempted to express concentration changes 
in terms of dimensionless Reynold’s, Nusselt's and Prandlt's 
numbers. The Pecklet number was added to these three by 
Levich (l4) in a similar change to dimensionless numbers. 
Tobias, Eisenberg, and Wilke included a discussion of all 
models previously used in the development of the various math­
ematical theories.

In the present research the complex nature of the 
carbon electrode system makes the derivation of the mass 
transport equations very difficult. Because of this a sim­
plified model is chosen to represent the demineralization
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cell for purposes of obtaining the mass transport equations. 
The demineralization cell is represented by a series of solu­
tion compartments enclosed by perraselective membranes, some 
of which are closed compartments of fixed volume. The com­
partments of fixed volume represent the electrodes. Their 
fixed volume gives them a finite capacity. This system has 
been treated from the standpoint of non-equilibrium thermo­
dynamics by Murphy and Taber (24).

The mass balance equation and transport equations for 
the model given above, when combined and solved, yield the 
concentration, time, and cell geometry relationships for the 
demineralization cell. The method employed in the solution 
of equations is one used by T. E. W. Schumann (25) to solve 
similar equations for heat transfer between a flowing fluid 
and a stationary solid, and by Boyd, Meyers, and Adamson (26) 
for an ion-exchange problem. They showed that the differen­
tial mass balance equations for the solid and the fluid can 
be solved in terms of a modified Bessel function of the first 
kind of zero order and its derivatives. Using the boundary 
conditions for the demineralization cell with this method, an 
equation is found which can be used to find the concentration 
distribution inside the cell, as well as the concentration­
time curve for the effluent from the cell. This equation is 
in terms of dimensionless concentration ratios and dimension­
less cell geometry and time parameters, all of which can be
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related to the measured quantities through constants derived 
from the model. Goldstein (27) discussed the application of 
this type to exchange processes.

The equations derived have been tested against exper­
iments performed under several sets of conditions.

An Important application of this theory concerns the 
calculation of the faraday efficiency. In order to calculate 
the faraday efficiency, the amount of salt removed from the 
solution which has passed through the cell, as well as that 
amount removed from solution remaining In the cell, must be 
known. It Is experimentally difficult. If not Impossible, 
to measure the latter quantity; however, equations given by 
the theory have been used to calculate this quantity and con­
sequently the faraday efficiency. Using the theory, the 
faraday efficiency for several sets of conditions have been 
determined.



CHAPTER II 

MATHEMATICAL DEVELOPMENT

The mathematical formulation of the theory of the 
concentration changes occurring in the demineralization cell 
during the demineralization phase begins with the establish­
ment of the equations for the conservation of matter in the 
cell and the mass transfer rate. These are derived from the 
model representing the cell. The actual demineralization 
cell is described below. The model used to represent the 
cell was described previously.

The cell consists of two electrically conductive but 
chemically inert end plates, against which the electrodes are 
held. The electrodes are composed of inert fibrous material 
on which carbon blacks, charcoals or mixtures of these mate­
rials are deposited from slurries. The end plates, with elec­
trodes in place, are pressed together with a separator between 
them so that a small solution space remains between the elec­
trodes. Solution is pumped through the cell from bottom to 
top and the electrodes are connected to the power supply 
through connections on the end plates. This cell is compared 
with the model in Figure 1. In the model ions entering the 
a compartment from the p compartment are balanced by counter

6
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ions entering from the other side of the a compartment. The 
equivalents of salt.in the p. compartment change only by trans­
fer of salt out through the membrane or out of the cell by 
flow of solution through the cell; therefore, the sum of these 
changes must equal the change in equivalents of salt in the p 
compartment, or

(1)
where the symbol, represents equivalents of salt. This is 
the equation for conservation of matter in the cell. It can 
be rearranged and put into the following form by multiplying 
each term by the unit ratio, V^/V^ or V^/V^, as the case may 
be.

rôc
at uvP acP6x a ÔCOn

at =  0 (2)
In order to solve this equation for the required re­

lationship between C°̂ , C^, x and t, an expression for ac°^/ôt 
must be known. The model provides this expression in the 
equation for the flux of salt from one compartment to another. 
The flux of salt across the membranes, as given by Murphy and 
Taber (24), is

tAC^
DpP AE - ^ i n (3)

The AE shown here is the potential difference between the 
probe electrodes; however, for a system of electrodes instead 
of solution compartments, it would be the difference between 
the potential at the probe ■. électrode s' and the standard cell
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potential, E°, for the probe electrodes. For identical probe 
electrodes E° would be zero; however, for a pair of unlike 
probe electrodes E° will have a value.

Combining, Equations 1 and 2 and making the further 
assumption that.ln(C^/C^) may be approximated by (C“/cP - l), 
the resulting mass balance equation is

p p
Although this equation was arrived at by considering 

the flux of salt through a membrane, it should be noted that 
a similar mass balance equation could in principle be devel­
oped by considering such mechanisms as migration, diffusion 
and convection. Tobias, Eisenberg, and Wilke ( 15) give the 
flux of salt from a planar-electrode in the absence of fluid 
turbulence to be

Jt = -CO## + - V^o (5)
where: = total rate of transfer, gram ions/cm^-sec; c =
concentration, gram ions/cm®; U = mobility, cm^/sec-v; 0 = 
potential, v; z = distance to the electrode, cm; D = diffu­
sion coefficient, cm^/sec; = velocity of the bulk fluid 
toward the electrode. This flux corresponds to the flux of 
salt across the membranes in the treatment above. The third, 
or convection term in this equation, is assumed to be negli­
gibly small, since the bulk solution velocity toward the elec­
trode is assumed to be zero. All other fluxes except migration
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and diffusion toward the electrode are assumed to be negli­
gible here.

In the case where solution is being pumped past the 
electrode, another flux parallel to the electrode arises

Jp = -V^o (6)
This flux corresponds to the flux of salt due to the flowing 
solution in the previous treatment.

To convert Equation 5 from a flux to a concentration 
change with respect to time, consider a differential volume 
of the p compartment dV^ with faces of area dA on the mem­
branes. The equivalents of salt gained by the volume dV^ by 
transfer through the membrane will be J^dA. This corresponds 
to a concentration change of J^dA/dV^ or J^/D^, since dV^ = 
DpdA. With a similar argument a concentration change with 
respect to time in the differential volume dV^ can be obtained 
in the form ( Jp^ - Jp^^)/dx where dV^ = dxdA’. Combining 
these two expressions and substituting for and Jp yields 
the concentration change with respect to time as

BcP C^U Ô0 . D ôcP
^  = -^35T - ^  (7)

With some assumptions concerning the potential and concentra­
tion gradients, the terms of Equation 7 correspond to those
of Equation 4. The first term on the right of Equation 7
corresponds to the first term on the right of Equation 4; 
therefore.
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u =
which is proper, since they are both linear flow rates. If 
the potential gradient of Equation 7 is linear, then

U = tA/F
The third term on the right of Equation 7 corresponds to the 
third term on the right of Equation 4 if the concentration 
gradient in Equation 7 is assumed to be linear. Comparing 
these terms, the diffusion coefficient in Equation 7 is given 
by

D = 2tRTA/P^
The relationship of the concentration to cell geom­

etry and time is found by integration of Equations 3 and 4 
using Schumann's method. These equations may be simplified 
by the substitution of

^  (8)
. . = 1 ^  (9)

to give
ôC^/ôt + u ôC^/ôx = -ki(C^ - S) (lO)
38/at = kgfcP - S) (11)

® ^

For a complete solution of these equations, the following 
boundary conditions must be satisfied. At x = 0

where
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= Co for all time

(I2JS = So at t = 0 
and, from Equation 11,

S = Co - (Co - So)6 ^ ( 13)
When X is less than the length, of the electrode, the concen­
trations at the farthest point reached by solution are, i.e. 
at X = ut,

S = So (14)
= So + (Co - So)o (15)

Equation 15 is found by considering the infinitesimal volume 
at the leading edge of the solution. Because the concentra­
tion in this volume is independent of x. Equation 10 becomes, 
for the leading edge of the solution,

àC^/ôt = -ki(cP - So) (16)
Integration of this equation leads to Equation 15.

Equations 10 and 11 are reduced to the simpler forms
ôC^/ôy = S - cP (17)
ôS/ôz = C^ - S ( 18)

by the introduction of two new independent variables
y = kix/u (19)
z = ka(t - x/u) (20)

Equations 10 and 11 are further simplified by introducing two 
new dependent variables U and V, where

S = Co(U - V)e-y-2 (21)
0^ = Co(U + V)e-y-% (22)
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Substituting these values into Equations 17 and l8, the new 
equations are

ÔU ÔV = U + V (23)

If + H - U - V  , (24)
By further differentiation

= V (25)
Combining Equations 21 and 22 with the boundary condi­

tions discussed above, the boundary conditions for U and V 
are, at y = 0

U = e% - (1 - So/Co)/2 (26)
V = (1 - So/Co)/2 (27)

at z = 0
U = (1 - So/Co)/2 + (So/Co) (28)
V = (1 - 8o/Co)/2 (29)

To solve Equation 25 subject to the boundary conditions given 
by Equations 27 and 29, let

0^ = -4yz (30)
Equation 25 reduces to

+ + = ° (31)
which is a form of Bessel’s equation, of which a well-known 
solution is

V=AJo(0) (32)
where A is a constant and Jq (0) is a Bessel function of the
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first kind of order zero.

The boundary conditions are satisfied if A =
(l - So/Co)/2; therefore, the solution is

V  = ( 1/2) ( 1 - So/Co) Jo(0) (33)
or

V  = (1/2) (1 - So/Co)Mo(yz) 
where Mo(yz) is defined as

Mo(yz) = Jo(21>|ÿz) = £

Having obtained a relationship for V, a relationship 
for U satisfying Equations 23 and 24 and the given boundary 
conditions must be found. Equation 23 can be integrated as 
an ordinary linear differential equation to yield

U = V + 2e^ J  e~^Yôz + f(y)e= (35)
where f(y) is a function of y. Successive partial integra­
tion gives

2e ^ J  e-svdz = - 2(v  + | |  + 0  + . . . . )

= -(1 - S q/C o ) ^  y^M^( yz) (36)m=o
where

Hm(yz) = ' (37)
Therefore, Equation 35 becomes

U =  (l/2)(l - So/Co)Mo(yz) + f(y)e%

-(1 - So/Co) 5 Z  y"\i(yz) (38)
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Consideration of the boundary conditions when z = 0 and 
noting that

y"^Mm(yz) = e^ (for z = O)
m=o

f(y) = e^ and Equation 38 becomes
U = (1/2) (1 - So/Co)Mo(yz) + €/+=

-(1 - So/Co) ^  y ^ % ( y z ) (39)m=o
Although this relationship satisfies the boundary con­

ditions, it still must be shown that it also is consistent 
with Equation 24.

Using Equations 35 and 36, U can be expressed as
U V + e^+z _ 2(V + + _____ )oz oz^

Therefore,

= - H -  ....) (40)

since = V. These relationships for U and ôU/ôy satisfy
Equation 24.

The equation for the concentration as a function of 
cell geometry and time is found by substituting the values 
of U and V into equation 22 and using the relationship given 
by Schumann (25)

C  (y"̂  + z"̂ )Mĵ (yz) = ê "*"̂  + Mo(yz) (4l)m=o
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yields

C^/Co = (1 - So/Co) e-y-= ^  z'̂ M (yz) + Sq/Cq (42)m=o
Putting M̂ (̂yz) In the form of an Infinite series. Equation 
42 becomes

,m m j
Co

So
Coj

which gives the ratio of the concentration to the feed solu­
tion concentration in terms of the dimensionless distance, 
y , from cell entrance to the point of interest and dimension­
less time, z. Examination of the limiting cases shows that 
the behavior of the equation corresponds to the observed be­
havior in the demineralization cell. As y approaches zero, 
where the concentration is Co, the equation reduces to 
C^/Cq = 1. At large values of z, which correspond to elec­
trode saturation, C^/C q = 1 for any given y value.

One other interesting limiting case is the one where
z goes to zero. Looking at the individual terms of the summa­
tion given in Equation 4̂

CP/Co = (1 - So/Co) e-y-Z[l + z(l + y) + z2(l + y + yS)
+ ....] + Sq/Co 

As z goes to zero, this equation becomes
G^/Cq I = (1 - So/Co)e  ̂+ Sq/Co (44)

Experimental difficulties limit the usefulness of this equa­
tion; however, it can be used in determining the Sq/Cq value
needed to fit the data with a particular y value.



CHAPTER III

EXPERIMENTAL PROCEDURE AND TREATMENT OP DATA

A. Experimental Procedure 
The procedures and equipment used in this work are 

modifications of those used by other investigators to study 
the desalination behavior of porous carbon electrodes (1-4). 
The demineralization cell described in Chapter 11, the DC-7 
cell, was originally developed to study the salt removal 
capacities of carbon electrodes. For this work the cell is 
operated with solution pumped continuously through the cell 
from bottom to top, where the conductivity and pH are meas­
ured and recorded. On applying a potential of the proper 
polarity, the electrodes adsorb salt until their capacity 
is reached, at which time the conductivity measured at the 
cell outlet is that of the feed solution. Regeneration is 
accomplished by reversing the polarity. The time during 
which the cell is under a demineralization potential is 
termed a demineralization phase. The regeneration phase is 
similarly defined. A demineralization cycle consists of two 
phases, one regeneration and one demineralization.

The experimental data used to test Equation 45 con­
sist of the curves, called effluent curves, obtained by

17
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plotting the effluent concentration from the demineralizatlon 
cell versus time for experiments performed In the following 
manner: The cell Is cycled several times, and at the end of
a regeneration phase the power supply Is removed and the cell 
left on open circuit with solution flowing through It. The 
potential difference between the electrical connections of 
the cell Is measured periodically until the potential showed 
no change on two consecutive days, at which time It Is con­
sidered to be near equilibrium. The potential determined just 
prior to emptying the cell will be called hereafter the final 
potential. The cell Is then emptied and the specific conduc­
tivity of the effluent, the pH of the effluent and the current 
are recorded as a function of time for the demineralizatlon 
phase. The Instant that solution reaches the bottom of the 
electrode Is taken as zero time. These experiments differ 
from those run by previous Investigators In two ways; pre­
viously, the cell was not emptied prior to measuring the de­
mineralizatlon phase and the equilibration procedure described 
above was not used In earlier work. The cell Is emptied Ini­
tially In these experiments because the mathematical descrip­
tion of the cell Is simpler under this condition. The equi­
libration procedure Is used to Insure reproducibility.

At the end of a regeneration phase the potential be­
tween the electrodes In the cell Is equal In magnitude and 
opposite In sign to the potential applied during the regene­
ration phase. Because this potential decays exponentially
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on.open circuit. Its magnitude is uncertain at the start of 
the demineralization phase. The open circuit equilibration 
described above insures a reproducible initial potential.
An experiment was performed in which the open circuit equili­
bration step was omitted so that a comparison with the equili­
brated experiments could be made. All potential measurements 
for these experiments were made with a recording potentiometer 
which is described in Appendix A.

A schematic diagram of the experimental arrangement 
is given in Figure 2. Solution is pumped into the cell at 
the bottom and emerges at the top, where it flows through a 
conductivity cell and then through the pH electrode holder.
All conductivity and pH measurements referred to later in the 
discussion were made at the points shown in Figure 2. The 
conductivity cell is connected to a bridge which gives a d.c. 
potential output proportional to the conductivity. This po­
tential is then recorded on a recording potentiometer. The 
conductivity measuring system is calibrated in place with 
sodium chloride solutions of known concentration. Calibra­
tion data for the system are given in Appendix B. The pH 
electrodes are connected through an impedence matching device 
to a recording potentiometer. The pH measuring system is 
calibrated with commercially available buffer solutions.

The conductivity and pH data obtained are used to 
calculate the total salt concentration. In the absence of a 
pH effect, the concentration can be obtained directly from 
the calibration of the conductivity bridge; however, the pH
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of the effluent changes somewhat during the demineralizatlon 
phase, and this must be taken into account when calculating 
the concentration. See Section C for a discussion of the pH 
corrections.

The travel time, x/u, through the cell is determined 
from the current-time record. Since current does not flow 
until solution reaches the bottom of the electrodes and falls 
off exponentially when solution passes the top of the elec­
trode, the value of x/u can be determined from the time dif­
ference of these two phenomena on the current-time record.
The concentration of interest is the concentration at the top 
of the electrodes, and because the concentration is measured 
outside the demineralization cell, there is a time lag in the 
conductivity-time record. This lag is corrected for by taking 
the time when the solution first reaches the conductivity cell 
as zero for the corrected time, (t - x/u).

B. Treatment of Data
The experimental data are plotted as C^/Cq versus log

(t - x/u). Because of the direct proportionality between z
and (t - x/u), the semilog plots permit comparison of the ex­
perimentally determined effluent curves to plots of cP/Cq 
versus log z given by Equation M-3 without knowing the value
of the constant relating z and (t - x/u). The constants ki
and ks cannot be calculated directly, since the expressions 
for these constants (see Equation 8) contain quantities, such 
as AE, Dp, and D^, which cannot be determined at present with
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sufficient accuracy to calculate meaningful values of ki and 
kg. Since ki and kg cannot be calculated directly, and, 
therefore, the experimental data cannot be tested against the 
theory directly, the data are tested by a fitting technique 
in which the plot of C^/Co versus log (t - x/u) is visually 
compared with plots of C^/Co versus log z for various values 
of y and Sq/Co- The plots of C^/Cq versus log z are calcu­
lated for a range of z values from Equation using a high 
speed computer. A computer program for the calculation of 
such values is given in Appendix C. Once a library of theo­
retical plots of 0^/Co versus log z is built up, it is simple 
to determine the ability of the theory to fit an experimental 
curve from a small number of comparisons and a knowledge of 
the manner in which the shape of the theoretical curves change 
with changes in y and S q / C q . Figures 3 and 4 show plots of 
C^/Gq versus log z from the theory. The first shows how the 
mid-point slope of the curve increases as y increases, and 
the second shows the decrease of the mid-point slope as Sq/Cq 
increases. Increasing y decreases the concentration ratio at 
z=0, while increasing Sq/Cq increases this ratio, the limits 
of change being to zero in the first case and S q / C q in the 
second.

0. pH Corrections 
The concentration of the effluent from the deminerali­

zation cell is determined from conductivity measurements. Be­
cause the conductivity is a function of the number and type 
of ions present, the meaning of a concentration determined
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from.a conductivity measurement must be carefully defined. 
Solutions above pH 7 will contain Na^, Cl”, and OH"; those 
below pH 7 will contain Na^, H"̂ , and Cl”. The concentration 
of interest is the total positive or negative ion concentra­
tion In each case. In the case of high pH, the concentration 
of interest is, therefore, the Na’*' concentration. This is 
determined from the following equation

L X 1Q3 = A.C. (45)i ^
where

L = specific conductivity 
Aj_ = equivalent conductivity of ith ion 
C^ = concentration of ith ion 

Upon application of the electroneutrality principle and re­
arrangement, one obtains

The specific conductivity is experimentally determined, the 
Cqj£- is obtained from the pH and the equivalent conductivity 
values are obtained from the literature (28, 29). In the 
case of low pH values, the concentration of interest is Cl” 
concentration. A treatment similar to the one above yields



CHAPTER IV 

DISCUSSION OF RESULTS

A test of the theory is the ability of Equation 
to fit the■concentration-time curves of the effluent for 
demineralization experiments. The experiments used to test 
the theoretical equations were performed under four differ­
ent operating conditions;

Condition 1 - applied potential = .6v, flow
rate = 50ml/hr, feed solution =
.05N NaCl

Condition 11 - applied potential = .6v, flow
rate = lOOml/hr, feed solution = ..03N NaCl

Condition 111 - applied potential = .6v, flow
rate = 50ml/hr, feed solution =
.GIN NaCl

Condition IV - applied potential = .9v, flow
rate = 50ml/hr, feed solution =
.03N NaCl

Two separate experiments were performed under each 
condition for each type of electrode pair tested. Two types 
of electrode pairs were tested, S.K. versus Ag,AgCl and S.K. 
versus N:G(2:l), 55̂  PEI (electrode types described in the 
Glossary). The first pair was tested under all conditions, 
and the second pair under Conditions 1 and 111 only. These 
experiments permit testing of the theoretic&l equation under 
a range of experimental conditions, as well as subsequent

26
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comparisons of the faraday efficiency of the process for the 
various electrode pairs and operating conditions. One addi­
tional experiment was performed under Condition I, but with­
out the equilibration procedure described in the previous 
chapter, in order to show the necessity for this procedure.

Experimental data for S.K. electrodes versus Ag,AgCl 
electrodes are compared with the best-fitting theoretical 
curves in Figures 5-13, the experimental data treated as 
described in Chapter III. The original concentration data 
are given in Tables 1-9, along with the pH and corrected con­
centrations. Calibration data for the relationship between 
potential and concentration are located in Appendix B. Other 
pertinent data are summarized in Table 10. Figures 5, 6, and 
7 and Tables 1, 2, and 5 show data obtained under Condition 
I; Figures 8 and 9 and Tables 4 and 5 show data obtained 
under Condition II; Figures 10 and 11 and Tables 6 and 7 show 
data obtained under Condition III; and Figures 12 and 15 and 
Tables 8 and 9 show data obtained under Condition IV. These 
figures amply demonstrate that the theoretical equation is 
capable of fitting the data obtained under the several oper­
ating conditions. In all but three cases (Figures 5, 12 and 
15) the chosen theoretical curves fit the data quite well.
The first of the three was made under Condition I; however, 
the cell was not allowed to equilibrate on open circuit after 
regeneration, but was emptied while under a regeneration po­
tential (S.K. .6v positive with respect to Ag,AgCl). This
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TABLE 1
EFFLUENT CONCENTRATION VS. TIMl,RUN NUMBER 7AG1-1185 (NE)^'^

Condition I (.6v, 50ml/hr, .03N NaCl)

Tlme( min) Potentlal( mv) C^(equlv/l) CP/Co

22.5 1.21 .00882 .212
25.0 1. 40 .00947 .22527.5 1.52 .01021 .264
30.0 1.68 .01144 .404
22.5 1.84 .01257 .444
25.0 2.00 .01270 .484
27̂ .5 2.18 .01497 .52940.0 2.27 .01621 .576
42.5 2.51 .01720 .611
45.0 2.65 .01828 .646
50.0 2.89 .01998 .706
55.0 2.08 .02121 .75260. 0 2.22 .02227 .79070.0 2.46 .02299 .848
80. 0 2.60 .02498 .88290.0 2.69 .02562 .905100. 0 2.76 .02611 .922120. 0 2.86 .02682 .948
140.0 2.92 .02724 .962160. 0 2.97 .02759 .975180.0 4.00 .02780 .982200.0 4.04 .02808 .99200 4.07 .02820 1. 000

No pH data obtained for this experiment. 
N̂E = no équilibration.
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TABLE 2
EFFLUENT CONCENTRATION VS. TIME, 

RUN NUMBER 7AGI-II85A&
Condition I ( .6v, 50ml/hr, .03N NaCl)

Time( min) Potential( mv) C^(equiv/l) CP/Co

25.0 1.60 .01355 .432
27.5 1.72 .01465 .46730.0 1.86 . 01585 .507
32.5 1.99 . 01705 .544
35.0 2.15 .0l840 .584
37.5 2.28 . 01970 .628
40.0 2.41 . 02070 .65945.0 2.62 .02260 .721
50.0 2.82 .02435 .77655.0 2.97 . 02570 .81760. 0 3.09 .02680 .85570.0 3.24 .02815 _ .89880.0 3.36 .02920 .93190. 0 3.43 .02980 .951100. 0 3.50 . 03045 .971110.0 3.54 .03085 .983120.0 3.57 . 03105 .989130.0 3.58 .03120 .99500 3.60 . 03135 1.000

N̂o pH data were taken for this experiment.
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TABLE 5
EFFLUENT CONCENTRATION VS. TIME, RUN NUMBER 7AG1-1185B

Condition I (.6v, 50ml/hr, .03N NaCl)

Time(min) Potential( mv) C^(equiv/l) ^ cP/Co pH

22.5 1.78 .01242 . 454 6-725.0 1.89 . 01521 , 461 6-727.5 2.01 .01407 . 491 6-750. 0 2.15 .01507 .526 6-7
52.5 2.50 .01615 .564 6-755.0 2.45 .01725 . 601 6-7
57.5 2.58 .01816 .654 6-74o. 0 2.74 . 01951 .674 6-745.0 2.99 .02111 .756 7-850.0- 5.19 . 02254 .786 7-8
55.0 5.54 .02562 .824 8-8.56o. 0 5.45 .02441 .852 8-8.570.0 5.64 . 02578 .899 8-8.58o. 0 5.80 .02695 . 940 8-8.590.0 5.90 .02765 .965 8-8.5100,0 5.97 .02815 .982 8-8.5110. 0 4.00 .02856 .990 8-8.5120. 0 4.02 .02851 .995 8-8.5150.0 4.05 .02858 .997 8-8.500 4.04 .02865 1.000 8-8.5

, ^No pH corrections were necessary for these data.
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TABLE 4
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER 7AG1-1179A
Condition II (.6v, lOOml/hr, .03N NaCl)

Time( min) Potential( mv) C^( equiv/l) ̂ CP/Co pH

14.0 2. 62 .01845 .622 6-715.0 2.64 .01859 .627 6-717.5 2.74 .01951 .651 6-720.0 2.84 .02005 .675 6-722.5 2.94 .02075 .700 6-725.0 5.01 .02125 .716 6-727.5 5.10 .02190 .758 6-750.0 5.19 .02255 .760 6-7
52.5 5.28 .02519 .782 6-755.0 5.57 .02584 .804 6-740.0 5.50 .02477 .855 8.545.0 5.65 .02571 .867 9.150.0 5.72 .02655 . .888 9.255.0 5.81 .02700 .910 9.560.0 5.90 .02765 .952 9.4
70.0 5.99 .02829 .955 9.580.0 4.05 .02872 . 968- . 9.6
90.0 4.10 .02908 .980 9.7100.0 4.12 .02925 .986 9.7110.0 4.15 .02950 .988 9.7120. 0 4.15 .02944 .995 9.8

150.0 4.17 .02959 .998 9.800 4.18 .02966 1.000 9.8

^No pH corrections were necessary for these data
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TABLE 5
EFFLUENT CONCENTRATION VS. TIME,RUN NUMBER 7AG1-1179B

Condition II (.6v, lOOml/hr, .05N NaCl)

Time( min) Potentlal(mv) C^( equiv/l)^ C^/Co pH

15.0 2.70 .01883 .629 6-717.5 2.80 .01955 .653 6-720.0 2.86 .02001 .668 6-7
22.5 2.96 . 02069 .691 6-725.0 3.06 . 02138 .714 6 -7
27.5 3 .1 8 . 02230 .745 6 -730.0 3.30 .02314 .773 6-732.5 3.44 .02412 .806 6-735.0 3.54 .02484 .830 6-740.0 3.70 . 02602 .8 6 9 6-745.0 3 .8 2 . 02687 .8 9 7 7-8
50.0 3 .9 2 . 02763 .923 7-8
55.0 3 . 9 9 . 02811 .9 3 9 7-8
6 0 .0 4. o4 .02847 .951 7-8
70.0 4.10 .0 2 8 9 0 .965 7-880.0 4.13 .02913 .973 8.290.0 4.16 . 02936 .981 8.7100.0 4.20 .0 2 9 6 2 .9 8 9 8 . 9110.0 4.21 .0 2 9 6 8 .991 9.1120.0 4.22 .02978 .995 9 .300 4.25 . 02994 1.000 9.7

^No pH corrections were necessary for these data



TABLE 6
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER 7AGI-118TA&
Condition III (.6v, 50ml/hr, .OIN NaCl)

Time(min) Potential( mv) C^(equiv/l) CP/Co

20.0 .67 .00149 .148
22.5 .69 .00154 .15525.0 .75 .00165 .162
27.5 .79 .00178 .17750.0 .85 .00192 .191
52.5 .90 .00204 .20555.0 .97 .00221 .220
57.5 1.02 .00255 .252
40.0 1.09 .00250 .24945.0 1.20 .00276 .27550.0 1.50 .00500 .29955.0 1.42 .00529 .5276o. 0 1.58 .00567 .56565.0 1.75 .00405 .401
70.0 1.90 .00444 .442
80.0 2.22 .00521 .518
90.0 2.55 .00600 .597 '100.0 2.85 .00667 .664
110. 0 5.10 .00752 .728
120.0 5.51 .00782 .778
150.0 5.50 .00828 .824
l40.0 5.66 .00866 .862
150. 0 5.79 .00897 .895170.0 5.98 .00945 .958
190.0 4.10 .00972 .967210.0 4 .17 .00988 .985250.0 4.20 .00996 .99100 4.24 .01005 1.000

^No pH data were obtained for this experiment.
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TABLE 7
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER 7AGI-II87B
Condition III (.6v, 50ml/hr, .OIN NaCl)

Time( min) Potential(mv) C^(equiv/l)^ CP/Co pH

22.5 .90 .00202 .203 6-725.0 .94 .00212 .213 6-727.5 1.00 .00226 .227 6-730.0 1.08 .00246 .247 6-732.5 1.15 .00262 .263 6-735.0 1.23 .00282 .283 6-7
37.5 1.31 .00301 .302 6-740.0 1.36 .00313 .314 6-745.0 1.50 .00347 .348 6-750.0 1.63 .00378 .380 6-7
55.0 1.78 .004l4 .4l6 7-8
60.0 1.91 .00445 .447 7-865.0 2.08 .00486 .488 8.570.0 2.23 .00522 .524 9.0
75.0 2.38 .00558 .560 9.2
80.0 2.52 .00592 .594 9.4
85.0 2.67 .00628 .631 9.590.0 2.81 .00662 . 665 9.6
100.0 3.08 .00727 .729 9.7110. 0 3.30 .00780 .783 ' 9.8
120.0 3.48 .00823 .826 9.9l4o.o 3.73 .00883 .887 9.9160.0 3.88 .00919 .923 10.0
180. 0 3.99 .00946 .950 10.0200.0 4.07 .00965 .969 10.0
220.0 4.10 .00972 .976 10.0240.0 4.14 .00982 .986 10.0260.0 4.18 .00992 .996 10.000 4.20 .00996 1.000 10.0

No pH corrections were necessary for these data.
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TABLE 8
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER 7AGI-II89A
Condition IV (.9v, 50ml/hr, .03N NaCl

Time( min) Potential( mv) Ĉ ( equiv/l)^ C^/Co^ pH

25.0 1.32 .00888 .324 6.7
27.5 1.41 .00958 .350 6.8
30.0 1.50 .01020 .373 7.2
32.5 1.60 .01090 .398 9.4
35.0 1.69 .01147 .419 9.8
37.5 1.78 .01206 .441 10.140.0 1.88 .01277 .467 10.2
42.5 1.97 .01332 ,487 10.4
45.0 2.08 .01407 .514 10.5
47.5 2.20 .01483 .541 10.6
50.0 2.31 .01558 .569 10.6
55.0 2.51 .01690 .617 10.760.0 2.71 .01816 .664 10.8
65.0 2.88 .01927 .704 10.970.0 3.03 .02017 .737 11.0
75.0 3.16 .02105 .770 11.0
80.0 3.27 .02172 .794 11. 090.0 3.43 .02274 .831 11.1100.0 3.55 .02358 .862 11.1
110.0 3.65 .02421 .885 11.1
120.0 3.73 .02476 .905 11.1
l4o.o 3.84 .02522 .921 11.2
160.0 3.92 .02575 .941 11.2
180.0 4.00 .02606 .952 11.3200.0 4.05 .02654 .970 11.3240.0 4.12 .02691 .983 11.3280.0 4.18 .02724 .995 11.300 4.20 .02737 1.000 11.3

^Corrected for pH.
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TABLE 9
EPPLIJENT CONCENTRATION VS. TIME,RUN NUMBER TAGI-II89B

Condition IV (.9v, 50ml/hr, .03N NaCl)

Time(min) Potential( mv) C^( equiv/l) ̂ C^/Co pH

25.0 1. 46 .00993 .351 7.0
27.5 1.55 .01043 . 368 7.950.0 1.64 .01120 .395 9.8
52.5 1.75 .01188 .419 10.1
55.0 1.87 .01266 .447 10.357.5 1.98 .01339 .473 10.4
4-0.0 2.10 .Ol4l8 .501 10.542.5 2.21 .01488 .525 10.6
4.5.0 2.29 .01545 .546 10.6
47.5 2.58 .01611 .569 10.6
50.0 2.47 .01675 .591 10.6
55.0 2.66 .01811 .639 10.6
60.0 2.84 .01930 .681 10.765.0 5.00 .02030 .717 10.8
70.0 3.12 .02116 .747 10.8
75.0 3.24 .02201 .777 10.8
80.0 3.35 : 02263 .799 10.8
90.0 3.48 .02355 .832 10.9100.0 3.60 .02418 .854 11.0

110.0 :).69 .02483 .877 11. 0120.0 3.76 .02533 .894 11.0
140.0 3.90 .02604 .919 11.1
160.0 :5.98 .02662 .940 11.1
180.0 4.05 .02712 .958 11.1
200.0 4.10 .02731 .964 11.1
240.0 4.17 .02761 .975 11.2280.0 4.23 .02805 .990 11.2. 00 4.27 .02832 1.000 11.2

^Corrected for pH effect.
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Figure 5* Experimental Data for Run No. 7AGI-II85NE Compared with the
Theoretical Curve for y = 2.3, = 2.04xl0"^, ks = 1.37x10“ ,̂
and So/Co = .14. Operating Condition - .6v, 50ml/hr, .03N NaCl.
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Figure 6. Experimental Data for Run No. 7AGI-II85A (Points) Compared with the
Theoretical Curve for y = 1.8, ki = 1.62x10"^, kg = 1.35x10"^, and
So/Co = .15. Operating Condition - .6v, 50ml/hr, .03N NaCl
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Figure 7. Experimental Data for Run No. 7AG1-1185B (Points) Compared with the
Theoretical Curve for y = 2.0, ki = 1.71x10"^, kg = 1.4x10-3, and
So/Co = .24. Operating Condition - .6v, 50ml/hr, .05N NaCl.
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Figure 8. Experimental Data for Run No. 7AG1-1179A (Points) Compared with the
Theoretical Curve for y = 1.95; ki = 3.25x10"®, kg = 1.30x10"®, and
So/Co = .497. Operating Condition - .6v, lOOml/hr, .03N NaCl.
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Figure 9- Experimental Data for Run No. 7AG1-1179B (Points) Compared with the
Theoretical Curve for y = 3-00, ki = 4.63x10-3, kg = 2.10x10-3, and
So/Co = .56. Operating Condition - .6v, lOOml/hr, .03N NaCl.
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Figure 10. Experimental Data for Run No. 7AG1-1187A (Points) Compared with the
Theoretical Curve for y = 5*40, ki = 6.55x10“®, ks = I.l4xl0“®, and
So/Co = .132. Operating Condition - .6v, 50ml/hr, .OIN NaCl.
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Figure 11. Experimental' Data for Run No. 7AGI-II87B (Points) Compared with
the Theoretical Curve for y = 4.2, ki = 4.83x10“ ,̂ ks = .98x10“®,
and So/Co = .156. Operating Condition - .6v, 50ml/hr, . OIN NaCl.
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Figure 12. Experimental Data for Run No. 7AGI-II89A (Points) Compared with the
Theoretical Curve for y = 1.65, ki = 1.45x10"®, kg = .69x10"®, and
So/Co = .07. Operating Condition - .9v, 50ml/hr, .03N NaCl.
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Figure 13. Experimental Data for Run No. 7AGI-II89B (Points) Compared with the
Theoretical Curve for y = 1.50, ki = 1.31x10"®, kg = .67x10-3, and
So/Co = .06. Operating Condition = .9v, 50ml/hr, .03N NaCl.
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TABLE 10

SUMMARY OP EXPERIMENTAL DATA FOR EXPERIMENTS 
WITH S.K. VERSUS Ag,AgCl ELECTRODES

Operating 
Run No. Condition

Final 
Potential(v)

Cell^
Volume(ml)

Flow 
Rate 
( m.l/hr)

x/u 
( min)

7AG1-1185A I .132 14.8 48.0 18.5-1185B I .163 15.6 48.0 19.5-1185NE I a 15.0 48.0 18.8
-1179A II .155 16.9 101.5 10.0
-1179B II .163 18.2 101.0 10.8
-1187A III .208 11.1 48.5 13.8
-1187B III .226 11.7 48.5 14.5-1189A IV .140 15.1 47.7 19.0
-1189B IV .132 15.2 47.9 19.1

^No equilibration, cell emptied while under .6v re­generation potential.
^Volume determined from the travel time, x/u, ^ d  the flow rate.

means that the cell itself had a .6v potential difference 
between the cell contacts at the beginning of the experiment 
and this potential is of such a sign as to cause deminerali­
zation if the electrodes were shorted together, a phenomena 
observed by previous investigators (4). Evidently, the 
theory will not completely account for the effluent curve 
for the demineralization phase in such an experiment. The 
other two experiments were performed under Condition IV 
(Figures 12 and 13). The curves are fitted visually, con­
sequently the constants obtained are not necessarily those 
corresponding to the optimum fit. Condition IV involves the 
use of an applied potential of .9v, whereas all other
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conditions involved applied potentials of .6v. Larger pH 
changes were observed during these experiments, and these 
changes necessitated pH corrections in the effluent concen­
tration. The possibility that the difficulty in fitting 
these experiments might involve the pH correction was in­
vestigated, because these were the only runs in which a pH 
correction was required. The accuracy of the pH measuring 
apparatus is t 0.1 pH, which could lead to an error of more 
than 20^ in the 0H“ concentration. Since the pH in these 
experiments varied from near pH J.O to above 11.0, the 
largest pH corrections occur near the end of the experiment, 
where the value of Go is establisned. The uncertainty in Gq 
causes the values of G/Gq near the beginning of the experi­
ment to be the most affected, because the concentration 
values in this range are not changed much by the pH correc­
tion, while those near Gq are changed in almost the same 
amount as Gq. However, the error in the pH measurement is 
not of sufficient magnitude to account for the difficulty in 
fitting these experiments.

The cause of the difficulties in fitting these experi­
ments is obscure; however, it should be noted that the faraday 
efficiency for them, as will be discussed later, is lower 
than for experiments performed under the other conditions, 
and the applied potential (.9v) is approaching the gassing 
potential. Prom these observations it seems reasonable to 
assume that some reactions are occurring which do not occur
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at lower potentials, and these reactions cause concentration 
changes not accounted for by the theory.

The constants ki, kg, and Sq/Cq , as found from com­
paring the experimental data with the best-fitting theoretical 
curve, are shown in Table 11. The values of given in the 
same table are calculated from the measured cell volumes 
(Table 10) using the geometrical area of the electrode face,
77.4 cm^. The distance varies due to differences in elec-P
trode and space thickness. The expression for ki is multiplied 
by Dp2 to remove its direct dependence on cell geometry, and 
values of this product are also reported in Table 11. This 
quantity serves as a check on the consistency of duplicate 
runs. On this basis the duplicate runs are seen to be con­
sistent with the exception of Condition II. The constant, 
ki, will also vary with the value of the AE constant appear­
ing in the expression for ki (Equation 8). In the case of
Runs 7AGT-1179A and B (Condition IX), the difference in D|ki
for the two runs could be explained on the basis of errors 
in Dp and differences in AE, since the D^ki difference can 
vary from .11 cm^/sec to .04 cm^/sec, assuming changes of 
only .02 cm in D^. The values of all constants fall within 
physically possible limits, and, therefore, do not conflict 
with the model.

Experimental data for N:G(2:l), 5% PEI electrodes 
versus S.K. electrodes are compared with the best-fitting



TABLE 11
PITTING CONSTANTS FOR EXPERIMENTS WITH S.K. VS. Ag,AgCl ELECTRODES

Run No.
Operating
Condition y ki( sec"^)xlO® kz{sec~^)xlO® Sq/Cq Dp( cm)

Do2xk2xlO® 
(cm2/sec)

7AG1-1185A I 1.80 1.62 1.35 .150 .19 .06
-1185B I 2.00 1.71 1.40 .240 .20 .07
-1185NE I 2.30 2.04 1.37 .140 .19 .08
-1179A II 1.95 5.25 1.30 .497 .22 .15
-1179B II 3.00 4.63 2.10 .560 .24 .26
-II87A III 5.40 6.55 1.4l .132 .14 .13
-II87B III 4.20 4.83 .98 .156 .15 .11
-II89A IV 1.65 1.45 .69 .070 .20 .06
-II89B IV 1.50 1.31 .67 .060 .20 .04

VO
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theoretical curves in Figures 14-17• The original concentra­
tion data are given in Tables 12-15, along with the pH data 
and corrected concentrations. Table l6 summarizes other per­
tinent experimental data. Figures l4 and 15 and Tables 12 
and 13 show data obtained under Condition I; Figures l6 and 
17 and Tables l4 and 15 show data obtained under Condition,
III. No experiments were carried out under the other condi­
tions for this electrode pair. Run Number 7GG1-1191 is the 
only run for this series in which the concentration of the 
effluent had to be corrected for pH. In all cases the chosen 
theoretical curves fit the data quite well.

The constants ki, kg, and Sq/Cq , as found from com- 
pai^ng the experimental data with the best-fitting theoretical 
curve, are reported in Table 17. Here again, the values of 
the constants fall within limits which do not conflict with 
the model.

A check on the consistency of the model was attempted 
by comparing values of AE and D°̂  as calculated from k% and kg 
and their expressions as predicted by the model. This attempt 
proved to be inconclusive because of the strong dependence of 
AE and on the value of lA. Variations within the experi­
mental error of yielded "widely different values of AE and
d“. '

The final potential of the demineralization cell after 
equilibration should be related to the amount of salt on the
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TABLE 12
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER 7GG1-1188A&
Condition I (.6v, 50ml/hr, .03N NaCl)

Time(min) Potential( mv) C^(equiv/l) C^/Cc

25.0 3.03 .02096 . 696
28.0 3.16 .02188 .726
50.5 3.28 .02272 .754
32.0 3.38 .02343 .778
35.5 3.49 .02421 .80438.0 3.58 .02484 .824
40.5 3.68 .02555 .848
45.5 3.81 .02646 .878
50.5 3.92 .02724 .904
55.5 4.01 .02787 .925
60.5 4.08 .02837 .942
65.5 4.12 .02865 .951
70.5 4.17 .02900 .962
75.5 4.20 .02921 .969
80.5 4.21 .02928 .972
90.5 4.25 .02957 .981

100.5 4.28 .02978 .988
110.5 4.29 .02985 .991120.5 4.30 .02992 .993140.5 4.32 .03006 .99800 4.33 .03013 1.000

^No pH data were obtained for this experiment.
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TABLE 13
EFFLUENT CONCENTRATION VS. TIME, 

RUN NUMBER 7GG1-1188B
Condition I (.6v, 50ml/hr, .03N NaCl)

Time( min) Potential( mv) C^(equiv/l) Cp/Co pH

22.5 2.99 .02111 .702 5.2
25.0 3.10 .02190 .728 5.0
27.5 3.21 .02269 .754 4.930.0 3.30 .02334 .776 4.932.5 3.42 .02420 .8o4 4.8
35.0 3.51 .02484 .826 4.7
37.5 3.59 .02543 .847 4.740.0 3.65 .02585 .866 4.745.0 3.74 .02648 .893 4.950.0 3.81 .02700 .897 4.955.0 3.90 .02765 .919 4.8
60.0 3.98 .02822 .938 4.770.0 4.07 .02887 .959 4.780.0 4.12 .02923 .971 4.790.0 4.17 .02959 .983 4.6
100.0 4.20 .02980 .990 4.6
120.0 4.21 .02987 .993 4.5oo 4.24 .03009 1.000 4.5
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TABLE l4
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER TGOl-ligO^
Condition III (.6v, 50ml/hr, .OIN NaCl)

Time( min) Potential(mv) C^( equiv/l) C^/Co

22.5 1 .6o . 0 0 5 7 6 .379
2 5 . 0 1.68 .0 0 5 9 6 .400
27.5 1.79 .00422 .42630.0 1. 90 .00448 .452
32.5 2.02 .00480 .484
35.0 2.15 . 0 0 5 0 9 . 5 1 4
37.5 2.27 .0 0 5 4 0 .5454o.o 2.40 . 0 0 5 7 1 .576
42.5 2.52 . 0 0 6 0 0 . 6 0 545.0 2.65 . 0 0 6 5 1 . 6 3 750.0 2.88 . 0 0 6 8 8 . 6 9 4
55.0 3.07 .0 0 7 5 4 . 7 4 1
6 0 . 0 3.25 .00778 . 7 8 565.0 3.40 . 0 0 8 1 5 . 8 2 2
70.0 3.52 .00845 .85575.0 3.65 . 0 0 8 7 1 .8798o.O 3.72 . 0 0 8 9 2 . 9 0 090.0 3.85 . 0 0 9 2 3 .931100.0 3.94 .0 0 9 4 7 .956110.0 4.01 . 0 0 9 6 2 . 9 7 1120.0 4.05 .0 0 9 7 3 .982l40.0 4.10 .00984 .993oo 4.12 . 0 0 9 9 1 1.000

^pH remained between pH 5 and pH 6 throughout the 
experiment.
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TABLE 15
EFFLUENT CONCENTRATION VS. TIME,

RUN NUMBER 7GG1-1191
Condition III (.6v, 50ml/hr, .OIN NaCl)

Tlme( min) Potential( mv) C^( equiv/l) ̂ CP/Co pH

22.5 1.57 .00365 .567 4.825.0 1.74 .00404 .407 4.6
27.5 1.90 .00438 .441 4.430.0 2.07 .00475 .478 4.232.5 2.22 .00509 .512 4.235.0 2.38 .00548 .552 4.2
57.5 2.54 .00584 .589 4.140.0 2.67 .00616 .620 4.145.0 2.91 .00675 .680 4.150.0 3.10 .00718 .723 4.155.0 5.27 .00759 .765 4.1
60.0 3.41 .00791 .798 4.070.0 5.63 .00846 .852 4.0
80.0 3.80 .00886 .893 4.090.0 3.92 .00915 .922 4.0100.0 4.01 .00957 .944 4.0120.0 4.13 .00966 .973 4.0140.0 4.17 .00977 .985 4.0
160.0 4.21 .00986 .995 4.0
180.0 4.23 .00990 .998 4.000 4.24 .00995 1.000 4.0

“■Corrected for pH.
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Figure l4, Experimental Data for Run No. TG01-1188A (Points) Compared with the
Theoretical Curve for y = 1.245, ki = 1.31xlO"3, kg = 1.24x10-3, and
So/Co = .38. Operating Condition - .6v, 50ml/hr, .05N NaCl.
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Figure 15. Experimental Data for Run No. 7OGI-II88B (Points) Compared with the
Theoretical Curve for y = 1.4, ki = 1.50x10-3, kg = 1.28x10-3, and
So/Co = .49. Operating Condition - .6v, 50ml/hr, .03N NaCl.
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Figure l6. Experimental Data for Run No. TGGI-II90 (Points) Compared with the
Theoretical Curve for y = 3 A ,  ki = 3.70xl0"3, kg = 1.63x10-3, and
So/Co = -27. Operating Condition - .6v, 50ml/hr, .OIN NaCl.
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Experimental Data for Run No. 7OGI-II9I (Points) Compared with theTheoretical Curve for y = 2.00, ki = 2.22x10-3, kg = 1.15x10-3, and
Sq/Cq = .155. Operating Condition - .6v, 50ml/hr, .OIN NaCl.
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TABLE 16
SUMMARY OF EXPERIMENTAL DATA FOR EXPERIMENTS 

VJITH S.K. VS. N;G(2:1), 5^ PEI ELECTRODES

Run No.
Operating
Condition

Final^Potential
(v)

Cell^Volume
(ml)

Flow 
Rate ( ml/hr) x/u 

( min)

7GG1-1188A I -.0130 15.5 50.8 15.9-1188B I +.0125 15.1 50.9 15.5-1190 III +.0242 12.9 50.4 15.5-1191 III +.0444 12.1 48.2 15.0

Potential difference taken as potential S.K. with 
respect to anion-responsive electrode.

^Cell volume determined from flow rate and travel time.

TABLE 17
FITTING CONSTANTS FOR EXPERIMENTS WITH S.K. VS. 

N:G(2:1), 5^ PEI ELECTRODES

Run No. Operating 
Condition y

kixlO®
(sec-i)

kgxios 
(sec-i) Sq/Cq Dp( cm)

Dp2kiXl( 
( cm^/se<

7GG1-1188A I 1.245 1.31 1.24 .380 .17 .04
-1188B I 1.40 1.50 1.28 .490 .17 .04
-1190 III 3.4c 3.70 1.63 .270 .17 .09-1191 III 2.00 2.22 1.15 .135 .16 .05
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on the electrodes.

The measured final potentials are compared with the 
values of S q / C q obtained by fitting a theoretical curve to 
the experimental data in Table l8.

TABLE 18
COMPARISON OP FINAL POTENTIALS W I T H  S q / C q

Run No. Operating Condition Final Potential(v) S q / C q

7AGI-II85A I + .152 .150
-II85A I + .163 .240
-1179A II + .155 .497-1179B II + . 163 .560
-II87A III + .208 .132-II87B III + . 226 .156
-II89A IV +. l4-0 .070
-II89B IV + .132 .060

7G&I-II88A I -.0130 .380-1188b I +.0125 . 490
-1190 III +.0242 .270
-1191 III +.0444 .136

For duplicate runs, i.e. runs under duplicate conditions 
with the same electrodes, the higher potentials correspond 
to higher values of S q / C q . In the case where two duplicate 
electrodes were run under the same conditions, the corres­
pondence was not found (Runs 7GGI-II90 and -II91, Table I8).



CHAPTER V 

FARADAY EFFICIENCY

The demineralization theory has an important applica­
tion in the calculation of the faraday efficiency. The dis­
cussion which follows clarifies the necessity for using the 
theory.

The faraday efficiency at a given time is defined as 
the ratio of the number of equivalents of salt removed to the 
number of equivalents of charge passed from the beginning of 
the phase to the given time. The equivalents of charge are 
evaluated by graphical integration of the area under the 
current-time curve. A similar integration of the concentra­
tion-time curve would lead to the equivalents of salt re­
moved, except that at a given time an appreciable volume of 
solution from which salt has been removed remains inside the 
cell. To evaluate the amount of salt removed from this solu­
tion requires that the concentration be known at various 
points inside the cell. Equation 4-]$ provides a means of cal­
culating these concentrations once ki and ks are known, and 
these are determined by the procedure described previously.
A computer program and equation are given in Appendix C for 
calculating the average concentration inside the cell.

The faraday efficiency as a function of time for S.K.
61
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electrodes versus Ag,AgCl electrodes under operating conditions 
I-IV are compared in Figures l8 and 19. In all experiments 
except those performed under Condition IV (7AGI-II89A and B, 
Figure 19) there is no significant difference between the 
various operating conditions. The Condition IV experiments 
show lower efficiencies as would be expected if the higher 
applied potential used in these experiments was causing re­
actions other than those resulting in salt removal.

Efficiencies for N:G(2:l), 5^ PEI electrodes paired 
with S.K. electrodes are shown as a function of time in 
Figure 20. These experiments were performed under Condition 
I and Condition III, and there appears to be no significant 
difference in the efficiencies under the two conditions. The 
efficiencies for these pairs of carbon electrodes are 
slightly smaller than efficiencies for the S.K., Ag,AgCl 
electrode pairs mentioned above, although they all level 
off between 65 and 90^. The lower efficiencies are not sur­
prising, considering the mixed responsiveness of the N;G(2:1),’ 
5^ PEI electrodes which have cation responsive character, as 
well as anion responsive character.

The faraday efficiency is seen to be low initially 
and to level off to a relatively constant value. These low 
initial efficiencies are due to the fact that the actual de­
mineralization process involves some removal of salt within 
the electrode pores not balanced immediately by migration 
from p, and this is not accounted for in the model.
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Experiments with both S.K. versus Ag,AgCl electrodes 

and S.K. versus N:G(2:l), 5^ PEI demonstrate the high faraday 
efficiency for this demineralization process.



CHAPTER VI 

CONCLUSIONS

The concentration changes occurring In the deminerali­
zation can be explained by choosing a relatively simple model 
to represent the more complex carbon electrode system com­
posing the demineralization cell. A model consisting of 
solution compartments separated by permselective membranes 
Was chosen in this research, the electrodes being represented 
by compartments of fixed volume. From this model an equation 
was arrived at which fits the concentration-time curve for 
the effluent from the demineralization cell. This equation 
contains three parameters which in principle can be calculated 
from the model, but which involve quantities which are diffi­
cult to measure. Because of the difficulty in calculating 
the fitting parameters, a technique was found in which these 
parameters were evaluated from comparison of experimental to 
theoretical curves.

The theoretical equation was tested against experi­
ments performed under a variety of operating conditions, in­
volving flow rates, feed solution concentration, and applied 
potential. It was shown that for both S.K. electrodes versus 
Ag,AgCl electrodes and S.K. electrodes versus N:G(2;1),
5^ PEI (an anion responsive carbon electrode), the theoretical
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equation was successful in fitting the concentration-time 
curves. Experimental data obtained under the highest applied 
potentials were not fitted to the same precision, but never­
theless, were successfully treated.

The theory has been applied to the calculation of the 
faraday efficiency of the process. The efficiencies thus cal­
culated permit a comparison of the various operating condi­
tions and electrode combinations. For the electrode_pair,
S.K. versus Ag,AgCl, the efficiencies for all operating con­
ditions were above 90^ except in the case of the highest ap­
plied potential for which the efficiency was 70-75^. The 
electrode pair, S.K. versus N:G(2:l), 5^ PEI, demonstrated 
efficiencies of 65-90^ which are surprisingly high, consid­
ering the mixed responsiveness of the N:G(2;l), 5JÈ PEI elec­
trode .



APPENDIX A 

EQUIPMENT

The demineralization apparatus can be divided Into 
three groups according to function: the demlnerallzatlon
cell, the operating and controlling equipment, and the meas­
uring equipment.

Demlnerallzatlon Cell 
A brief description of the cell will suffice, since 

a complete description has been recorded elsewhere (3, 30). 
The demlnerallzatlon cell consists of a pair of end-plates 
for support and electrical connection to the electrodes, the 
electrodes, separators for spacing the electrodes and a pair 
of Luclte plates, which are bolted around the end-plates for 
support. Cells of this type are described and pictured by 
Stevens (30). The end-plates are made from sheet graphite 
which Is Impregnated with a hlgh-meltlng wax, Pyseal, to 
prevent solution leakage. The electrodes are prepared by 
depositing carbon or carbon-graphlte mixtures on a fiber 
backing material from a slurry. Procedures for preparing 
electrodes are described by Tucker (4). The electrodes are 
held against the end-plates by separators made of plastic 
netting, and spacing between the electrodes Is maintained 
by means of gaskets cut from sheet polyethylene. Electrical 
connection to the electrodes Is made by direct fitting of
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brass machine screws into threaded holes in the end-plates. 
The solution inlet and outlet parts are also fitted directly 
into the end-plates.

Operating Equipment 
The solution is circulated through the demineraliza­

tion cells by means of Beckman Solution Metering pumps.
Power is supplied to the cells by Kepco solid-state DC power 
supplies which are operated at a constant potential.

Measuring Equipment 
The demineralization cells are contained in an air 

bath maintained at 25.0 t 0.2°C, which is necessary for accu­
rate, reproducible conductivity measurements on the cell 
effluent. Conductivity measurements are made with an Indus- 
tirai Instruments RA-4 Solu Meter. The RA-4 Solu Meter gives 
a potential output which is proportional to the conductivity. 
This potential is recorded on one channel of a Westronics 
Model D llA dual channel recorder. The other channel is 
used in conjunction with a Westronics Model SSVA-1 input 
module to record the electrical current flowing through the 
cell. The conductance cells are made of glass tubing and 
contain spirals of platinum wire platinized in the usual 
manner.

The pH of the cell effluent can be continuously re­
corded by means of electrodes inserted into the solution 
stream and connected through a Sargent pH Recording Adapter 
to a potentiometric recorder.



APPENDIX B 

CALIBRATION OP CONDUCTIVITY METER

Concentrations determinations on the effluent from 
the demlnerallzatlon cell are made by measuring the conduc­
tivity and converting It to concentration. The conductivity 
meter used gives a d.c. potential output which Is propor­
tional to the conductivity, and this potential Is recorded 
with a recording potentiometer. Using solutions of known 
concentration, the potential scale of the recorder was cali­
brated directly in concentration units. Data are given below 
from which calibration curves were plotted.

The specific conductivity of a solution can be deter­
mined from the recorded potential by first finding the cor­
responding concentration from the calibration and then using 
the empirical equation given by Maclnnes (31) for sodium 
chloride

L X 10® = (126.45c + 95-790  ̂ - 65.29C3)(1 - 22730^ 3) - 
59.78c®A

CALIBRATION I
Experiment: 7AGI-II85AConductivity Cell: LC-5e

NaCl Cone, (equiv/l) Potential (mv)

.0020 .25
71
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CALIBRATION I— Continued

NaCl Cone, (equlv/l) Potential (mv)

.0050 .61

.0071 .84.0100 1.20

.0150 1.78.0200 2.33.0305 3.48.0401 4.56

CALIBRATION II
Experiments: 7AGI-II85NE, 7GG1-1188A
Conductivity Cell: LC-5e
Least Squares Data: slope = l4l.8 mv-l/equlv.Intercept = .06 mv

NaCl Cone, (equlv/l) Potential (mv)

.00208 .32

.00686 1.02

. 00998 1.49.01479 2.19.02000 2.91.02506 3.62

. 03000 4.30

. 03498 5.00

CALIBRATION 111
Experiment: 7AGI-II87AConductivity Cell: LC-13Least Squares Data: slope = 4l6.8 mv-l/equlv.

Intercept = .05 mv

NaCl Cone, (equlv/l) Potential (mv)

.00208 .90.00686 2.93

. 00998 4.22.01479 6.20
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CALIBRATION IV

Experiments; 7AG1-1179A, 7AG1-1185B, 7GG1-1188B Conductivity Cell: LC-5e
Least Squares Data: slope = 139*2 mv-l/equiv,intercept = .05 mv

NaCl Cone, (equiv/l) Potential (mv)

.00208 .32.00686 1.00

. 00998 1.43.01479 2.14.02000 2.87

. 02506 3.56

. 03000 4.21

. 03498 4.90

CALIBRATION V
Experiment: 7AG1-1187B
Conductivity Cell: LC-13
Least Squares Data: slope = 415.6 mv-l/equiv.

intercept = .06 mv

NaCl Cone, (equiv/l) Potential (mv)

.00208 .88

.00686 2.92

. 00998 4.24.01479 6.27.02000 8.31

CALIBRATION VI
Experiments: ,7GG1-1190, 7GG1-1191Conductivity Cell: LC-13Least Squares Data: slope = 410.5 mv-l/equiv.intercept = .05 mv

NaCl Cone, (equiv/l) Potential ( mv)

.00208 .88
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CALIBRATION VI— Continued

NaCl Cone, (equlv/l) Potential (mv)

.00686  ̂ 2.87.00998 4.18

.01479 6 . 1 7.02000 8.22

CALIBRATION VII
Experiments; 7AG1-1179B, 7AGI-II89A, 7AGI-II89B Conductivity Cell: LC-5eLeast Squares Data: slope = .159*0 mv-l/equlv.

Intercept = .08 mv

NaCl Conc. (equlv/l) Potential (mv)

.00208 .40.00686 1.00

. 00998 1.45.01479 2.15.02000 2.87.02506 3.57

. 03000 4.25

. 03498 4.94



APPENDIX C 

COMPUTER PROGRAMS

The FORTRAN language computer programs listed below 
were written so that the IBM l4lO computer could be utilized 
in this research. Without the aid of the IBM l4lO these cal­
culations would be extremely laborious. Program I is written 
to calculate values of C^/Co for a series of z values from the 
equation

Values of y and Sq/Cq are read into the computer and for each 
y, So/Co combination twenty-five values of C^/Co are calculated 
for a range of z values- from .2 to 12.5.

Program II is written to calculate the average value 
of the function

P - C ^  ̂" y/ki)° J-i. mJ Â-L IT  -11m=o "" j=o '
Multiplying this function by (l - So/Co) and adding So (from
C o (S o / C q )) yields the average concentration in the deminerali­
zation cell at time t. The average value is arrived at by
integration of this function over y using Simpson's Rule and
dividing the resulting integral by the maximum value of y.
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The information read into the computer includes y, ki, ks, Cq , 
t, and the number of divisions to be used in the Simpson’s Rule 
integration. The output is the average value of function and 
the time.

PROGRAM I

DIMENSION A(5)
READ 97,(A(I),1=1,5)

97 F0RMAT(5P10.4)
1 READ 99,Y
99 FORMAT (F8.2)

IF(Y)101,101,2
2 YY=-Y 

EFY=EXPF( YY)
DO 10 K=l,25 
J=2
Z=K
IF(K-15)1 6 ,1 6 , 1 7

16 Z=Z*.2 
GO TO 18

17 Z=Z-12.5
18 ZZ=-Z 

EPZ=EXPF(ZZ)
M=0
TERM=1.0 
SUM=0. 0
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PROGRAM I--Continued

11 MM=M+1
IP(j-2)51,32, 51 

52 TER=1.0
H0LD=1.0 
SL=0.0
DO 20 D=1,MM 
TER=TER*HOLD 
SL=SL+TER 
TES=TER/SL
IF(TES-.lE-6)21,21,22

21 J=5
GO TO 51

22 XL=L 
HOL]>Y/XL

20 CONTINUE
51 SUM=SUM+TERM*SL

TEST=(TERM*SL)/SUM 
IP(TEST-.lE-5)4l,4l,42 

42 M=M+1
XM=M
TERM=( TERM*Z)/XM 
GO TO 11 

4l CCO=EPY*EPZ*SUM
PRINT98,Y,Z,CC0,M
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PROGRAM I--Continued

98 FORMAT(49X,P8.2,5X ,P8.2,5X,F12.5,fX,I4) 
DO 30 11=1,5
CK=CC0*(1.-A(II))+A(II)
PRINT 96,OK,A(II)

96 FORMAT( 49%,3HCK=,E15-8,5X,F10.4)
30 CONTINUE
10 CONTINUE

GO TO 1 
101 STOP

END
PROGRAM II 

DIMENSIONEKY( 5l),TYK( 51),F(3)
2 READ99,Y,XKl,XK2,CO,NN
99 FORMAT(F10.3,2E15.8,F10.6,I4)

IF(Y)101,101,1
1 XMULT=XK2/XK1 -1.0

XNN=NN 
XY=Y/XNN 
XX=0. 0 
EKY(l)=1.0 
D010N=1,NN 
XX=XX+XY 
XKY=XX*XMULT 
NX=N+1
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PROGRAM II--Continued

EKY( NX) =EXPP( XKY)
10 CONTINUE
6 READ98,T
98 PORMAT(FIO.O)

IP(T)2,2,3 
3 XKT=( -XK2) *T

EKT=EXPF(XKT)
LJ=2 
P(1)=C0 
YX=0.0 
TYK(1)=T 
D020I=1,NN 
11= 1+1 
YX=YX+XY 
TYK(II)=T-YX/XK1 

20 CONTINUE
XD=0.0 
PRINT96,T 

96 P0RMAT(60X,2HT=,P10.0)
SUMS=0.O 
D030K=1,NN 
XB=XIH-XY 
JK=2 
KK=K+1
FACT=CO^EXT*EKY(KK)
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PROGRAM II— Continued

SUM=1.0 
TERM=1. 0 
M=0 

15 M=M+1
XM=M
TERM=TERM*XK2*TYK( KK) /XM 
IP(JK-2)11,39,11

39 TER=1.0 
SJ=0.0 
MM=M+I 
D040J=1,MM 
SJ=SJ+TER 
TESTJ=TER/SJ
IP(TESTJ-.lE-4)38,38,12 

38 JK=JK+1
GO TO 11 

12 XJ=J
TER=(TER*XD)/XJ

40 CONTINUE
11 HOLD=TERM*SJ

SUM=SUM+HOLD 
CHECK=HOLD/SUM 
TEST=ABSP( CHECK)
IP(TEST-.IE-4)14,14,13 

14 IP(LJ-2)21,21,22
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PROGRAM II--Continued

21 P(LJ)=PACT*SUM 
LJ=LJ+1
GO TO 30

22 P(LJ)=PACT*SUM
SIMP=XY/3.0*(P(1)+4.0*P(2)+P( 3))
SUMS=SUMS+SIMP
P(1)=P(LJ)
LJ=2 

30 CONTINUE
AVGC=SUMS/Y 
PRINT97,AVGC 

97 P0RMAT(59X,E15.8)
G0T06 

101 STOP
END
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GLOSSARY

DC-7 Demlnerallzatlon cell type 7 developed atthe University of Oklahoma
Effluent Curves Plots of the concentration ratio, C^/Cq

versus time for the solution flowing out 
of the demlnerallzatlon cell

N:G(2:1), 5^ PEL A standard anion responsive carbon elec­
trode developed at the University of Okla­
homa. A mixture of the charcoal, Norlt A, 
to Dixon's Alrspun 200-10 graphite In the 
ratio two parts charcoal to one part 
graphite containing PEI In the amount of 5^ of the carbon-graphlte weight.

PEI Polyethylene Imlne
S.K. Standard cation electrode developed at the

University of Oklahoma. It consists of mixed acid treated N;G(2:l) which has been 
deposited from a water slurry of the 
N:G(2:1), tannic acid, and ammonium hy­
droxide, on a fibrous backing material.
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