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PREFACE

This study involved addressing specific areas of
multi-component mixed-bed ion exchange modeling at low concentrations.
Film-diffusion éontrol and bulk-phase neutralization were implemented
to obtain rate expréssions. A material balance framework was
instituted in order to determine outlet-concentration profiles for
mixed-bed ion exchange units. Amine cycle ion exchange and ternary
cation exchange models have been cpmpared to existing experimental
data with mixed results. The model has been extended to handle six
component exchange in neutral and #H adjusted water streams. The
resultant model can accomplish the mixed-bed simulations necessary to
optimize existing ion exchange columns.
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NOMENCLATURE

a = interfacial surface area (L2/L3)
C. = concentration of species i (meq/LS)
* . . . . . 3
Ci = concentration of species i in the resin (meq/L”)
C; = concentration of species i in the bulk (meq/L3)
dp = particle diameter (L)
Di = diffusivity of species i (L"/t)
Dei = effective diffusivity for speéies i (L2/t)
fn = function evaluation n for Adams-Bashforth-Moulton Method
F = Faréday's constant (C/mol)

FCA = anion resin volume fraction

FCR = cation resin volume fraction

Ji = flux of species i in the film (meq/th)
KB = dissociation Consant for Base B (mol/L3)
Ki = mass transfer coefficient (including flow) (L/t)
Ki' = mass transfer coefficient (excluding flow) (L/t)
Kg = resin selectivity for i compared to j
Kw = dissociation constant of water (mol/13)
N . K . ' 3
Q = capacity of the resin (meq/L7)
R = universal gas constant

xii



"R. = ratio of mass transfer coefficients

i
T = temperature
t = time (t)
u = superficial velocity (L/t)
X, = bulk phase concentration fraction of species i1
y; = fraction of species i on the resin
Yi = fractional concentratipnvof species i based on
the pseudo coion
Zi = charge on species i
6 = film thickness (L)
€ = Qoid fraction
¢ = eléctrical potentiél (mLz/tC)
p = viscocity of the bulk phase(m/Lt)
r = dimensionless combinéd time-diatance variable
¢ = dimensionless distance variable
Superscripts
o = bulk phase value
* = interfacial value -
! = overall value
Subscripts
A = species A
B ' = species B / base B
¢ = chloride
h = hydrogen
i = épecies i

j = species j



sodium
hydroxide

pseudo component
third cation

water



CHAPTER I
INTRODUCTION

Ion exchange, as an applied process, is referenced as far back
as the 0ld Testament of the Bible, Exodus 15:22-25. "When they came
to Marah, they could'not drink the water of Marah because it was
bitter; therefo;é it was named Marah. And the ﬁeopie murmured against
Moses, saying, What shall we drink? . And he cried to the Lord; and the
Lord showed him a tree, and he threw it into tbe water, and the water
became sweet." Industrial applications began at the turn of the
twentieth century. Increasing usage of ign exchange technology
started in the late 1940's and continues to the present. The ion
exchange process has advancedf;echﬁélogically, unfortunately
fundamental studies and detailed modeling have fallen behind the
technical applications.

The mechanics of ion exchange involves the usage of a fixed
support with attached ionic species which can be interchanged with
ions in a solution. The solid supports are referred to as ion
exchangers. They contain ;harged species, i.e. sulfonate groups, that
are permanently attached to the support structure. The attached
groups attract oppositely chargéd ions, i.e. hydrogen, sodium,
chloride, to achieve neutrality. The attracted ;pecies are’mobile in
that they can be replaced by ; stoichiometric equivalent of like

charged ions. This ability to change the species to which the fixed



group is attached is the fundamental reason why these structures are
of interest.

There are a number of applications for ion exchange. The
most common application is in the purification of water. A typical
ion exchanger is shown in Figure 1 (Struass and Kunin, 1980). The
overall structure is typigally a spherical bead consisting of
polystyrene which is cfosslinked with divinyl benzene to enhance
rigidity. This polymeric support is referred to as a resin. The
polymer has fixed groups attached to the polyme? chains which bind an
oppositely charged ion to achieve‘neutrality. An exchanger is
classified as anionic or cationic depending on the nature of the
mobile species. If the mobile ion is ﬁositively charged it is a
cationic exchanger (or resin), if the mobile species is negatively
charged it is an anionic exchanger (or resin).

These exchangers can be used to remove cations, anions or
both. One typical configuration is to use a fixed bed to exchange a
given charged species. Units in series which first remove cations and
then anions is one operationai scheme. A'second method is to mix
anionic and cationic resins in the same unit. This is referred to as
mixed bed ion-exchange (MBIE).

Ion exchange can be either an equilibrium or kinetic process.
The characteristics of the resin, solution and operating conditions
determine which process occurs. Equilibrium calculations, as in
thermodynamics, determine the final conditions that can be achieved
for a given case at low flow rates through a bed of packed resin.
However, equilibrium does not indicate the time for reaction. The

rate of approach to equilibrium is given by the kinetics. The



A Section of a Resin

X=f Divinylbenzene (CVE)
[ Crcsslink

Cation Re=in Anion Resin

emﬁ%wge T2
(suifenic-acid group)

Exchandesiie. CTHON

ammonNIum

Excrancegtie SnoN  droup )

e~ 1 - 3
Figure 1. Schemat:c Diagram cf A Resin Framework



kinetics can be described by identifying the rate determining step,
where: 1) reaction rate, 2) particle diffusion, 3) film diffusion, and
4) combined film and particle diffusion, are the possible limiting
steps. Film diffusion control is when ionic diffusion through an
assumed liquid film surrounding the resin bead is the rate limiting
step. Partiéle diffusion’contrpl’ig when the movement of ions within
the partiéle framework is the slowest step. “Combingd film and
particle diffusion is where each of.the previously'ﬁentioned steps are
important in determining the rate of exchange. These conditions
differ from kinetiq leakage. Kinetic leakage is when there is
insufficient time allowgd for exchaﬁge to approach equilibria. Haub
(1984) and Yoon (1990) conducted gxéensive literature reviews of ion
exchange equilibria, controlling s?eps, and kinetic models. In this
dissertation only artiéles of particular importance’to this work will

be presented and discussed.
Ion Exchange Kinetics

In a packed columﬁr the exchange characteristics can be
estimated by using equilibrium‘calculations. Actual column
performance can be predicted 6niy by\considering the kinetics
governing the specific situation. Discovering the combiﬁation of rate
limiting steps which governﬂany specific process is éxtremely
important. The reaction of the exchénging,species onuthe resin is
almost never the rate comntrolling step. Therefore, mosf ion exchange
is diffusion limited. This means that the movement of the charged
species from the bulk phase through the liquid film, the movement

through the particle structure, or both, are usually rate determining.



Since film diffusion and particle diffusion occur in series, the
slower of the two will become the rate determining step. Particle
diffusion is usually the rate controlling step for bulk phase ionic
concentrations above 0.5 M, approximately. Concentrations lower than
this tend to introduce fi;m diffusion. It is possible for the process
to fall into the area where the combinatioﬁ of film and particle
diffusion must be considered. Yoshida and Kataoka (1988), Dadgar
(1986) and Ahmad (1989) have considered regions'in wﬂich both film and
particle diffusjon'are important. Dranoff and Lapidus (1961) used‘a
second order reactio; scﬁeme to deter;ine the rates of exchange for a
number of cases. The drawback to thiﬁ method is the neeéd to determine
experimentally the reaction rate constants. The considération of
diffusion control allows for evaluation of the exchange brocess with
information that ishtypically available in the literature. Ultra-low
solution concentrations‘éfe almost“exclusively film diffusion
controlled processes, and therefore film diffusion is the focus of
this work.

A largg‘number of investigators have examined the film
diffusion regime of ion e#change. ,Most have not accounted for the
effect of the dissociation of water at these ultra-low concentrations.
Helfferich (1965), Kataoka, et al. (1976a,b), and Wagner and Dranoff
(1967) have consideréd'situations where an acid or base is present to
neutralize some of the species released from the resin. These studies
have involved one or two cbiong (ofﬁositely charged species) and for
the most part binary exchange. There have been some studies involving
ternary exchange, but these have dealt mostly with intra-particle

diffusion.



Wildhagen, et al. (1985) have considered ternary film
diffusion controlled ion exchange kinetics to determine the most
appropriate effective diffusivity. This was limited to the case of
one coion and no chemical reaction. They went on to define a new
concentration variable based on one coion. The data to support the
work from a binary standpoint is quité convincing. Unfortuﬁately,
additional ternary literature data were not considered and the
experiments were limited to a thin fluidized bed with one set of
ternary results. Omatete, et al. (1986a,b) considered‘ternary
exchange from a theoretical standpoigt,ibut‘the resultaﬁt model used
correlations of overall binary mass transfer coefficients. These were
for one specific system and included the presentation of only one set
of ternary data. Tﬂis is typical of the 1itérature investigations in
multi-component ion exchange. Mugh of the literature on ion-exchange
kinetics is limited to single particle studies with one coion. These
are theoretically interesting, but lack direct application to
industrial needs, where column performance needs to be evaluated.

There are a number of réferepges that have suggested the usage
of the Nernst-Planck equationlto describe film diffusion controlled
ion exchange. Haub (1984) andeoon k1990) have discussed manonf
these at length. Even so, there aré a number worth mentioning here.

The process of ion exchaﬁgé, as described earlier, involves
the diffusi;n of a charged species. Typically, in most diffusion
situatioﬁs, Fick'g Law is sufficient to des;ribe the process.( Ion
exchange, because of the movement of electrical charges, is not well
described by Fick’s Law. It is necessary to incoréorate the effect

that individual moving electric charges have on each other. This can



be thought of as extending Fick’s law to include an external force

term. This is described by Bird, Stewart and Lightfoot (1960) as:
3=+ 38

Where the superscript x denotes concentration driving force and g

denotes an external force. This external force can be considered as

an induced eleéfrical poteﬁtial; This ig inéorporated by using the

Nernst - Planck equation. This equation is:

FC,

This has been shown éxperimentally to describe the process of
diffusion limited ion exchange (Helfferich and Plesset (1958) and
Kataoka, et al.ﬂ(1968). The major assumption of the Nernst-Planck
equation is that the effect of one ion on another can be accounted for
entirely by the electrical potentiél term, which arises due to
differing ionic mobiliéies.v This c?eates, what is'referfed to as;, an
induced electrical potent;al. There is no external electric field
applied to the exchaﬁger, only the induced potential created by ions
moving at different rates on a microscopic level.

Film diffusion, as the.name implies, assumes there is a liquid
film that adheres to the particle surface. The Nernst-Planck equation
describes the diffusion process, but a model is required to handle the
film. There are a number of possibilities\such as the hydraulic
radius film model, boundary layer model and the static (Nernst) film
model. Kataoka, et al. (1973), compared the hydraulic radius model
and an effective diffusivity that accounted for the film_fhickness vié
the static film model. They detefmined that in the direction of

favorable equilibrium, a maximum of 5 percent error arises from the



model where the effective diffusivity accounted for the film
thickness. This was the method adopted by Haub (1984) for mixed bed

ion exchange.
Mixed-Bed Ion Exchange

Mixed bed ion éxchange (MBIE) is an intimate mixture of
cationic and anionic resins’use& to deionize a contaminated liquid
stream. MBIE is typically used where ultra-pure water is desired.
The advantage of MBIE operating in the HOH cycle (cation resin in
hydrogen form, anion resin in hydroxyl form) is due to the
ion-exchange process being accompanied By a chemical reaction. This

neutralization reaction is:

H + O «— H,0
The net effect is to decrease the”bdlk-phase concentrations of
hydroxide and hydrogep. This furgher effects the rate ofxexchange
favorably because of the increased:concentration driving force across
the film for these ions. Mosf studies (Kataoka, et al. (1976, and
1977) and Smith and Dranoff'(1965)5‘assumed that the reaction is
irreversible and neglected théicoﬁééntrations of H' and OH ™ after the
exchange. Kataoka, et al. (1§77) developed a model for the
neutralization reaction occurring within the film surrounding the
particle. This is based on the ability of the hydfogen (or hydroxide)
ion to penetrate the film surrounding the anionic (cationic) resin.
The larger the excess of hydrogen (or hydroxide), the further the ion
penetrates. This reaction front 'is the point at which the solution is

at neutral pH. These studies were limited to systems with



concentrations near the limiting value for film diffusion control, did
not involve mixed-bed systems and were limited to binary exchange.

The incorporation of these results within a mixed-bed model is
eséential but they must also be extended where possible to include
multi-componenf exchange. '

MBIE is particularly useful Where ultra-pure water is desired.
The Electrical Power Reseafch Institute '(EPRI) sets guidelines for
ionic contaminants in boiler feed water for electric power plants.
These guidelines are becoming more stringent because of improving
technology and the efféct that contaminants have on the boilers. The
nuclear power industry also has two additibnal agenéies (NRC and INPO)
that have specific contaminant rquirements that must be met in order
to remain in operation. The power’in&uétry is an area where ion
exchange is of major importance.

There is more than one cyélic operational choice for MBIE
units. The hydrogen cycle‘(HOHycycle), uses cationic resin in the
hydrogen form and anionic resfn in the hydroxyl form to ailow the
water equilibrium reaction to'coﬁSumé excess hydrogen and hydroxide.
Another choice, the Ammonia (ér amine) cycle involves the addition of
ammonia to the feed water éo increase the pH of the water for
corrosion control. The Ammonia cycle can take one of two forms; HOH
cycle with ammonia present or operation with the cafionic résin in the
ammonia form. Both éycles are used industrially\so modeling attempts
should consider both methods.

Other pH controliagents are avail;ble. Ammonia has been used

historically because of its well known behavior and availabilify.

Replacement of ammonia with a different weak base may improve overall
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boiler performance as well as condensate polishing. Two alternative
amines are morpholine and AMP (2-amino-2-methyl-l-propanol). EPRI has
sponsored projects aimed at the evaluation of the best possible weak
bases for addition to electrical power plant secondary cycle water
(EPRI NP-5594, 1983). The trade offs in selecting alternative amines
are several, not the least of which'is additive toxicity. Models
designed for ammonia operatiohﬂshoulﬂ include the flexibility to
consider alternative amines, where the physical,properties are known.
The work conducted here is an attempt to advance the state of
MBIE modeling and improve the undersfanding of the procéss. A
theoretically ba;ed\model will accomplish this by locating the areas

where significant ihprovements can be made..
Mixed-Bed Modeling

Modeling of MBIE systems should improve the basic
understanding of how cert;in system and ionic parameteré effect the
exchange process, and thgrebyiallow for still more improvements in the
technology. A model for hydrbgen cyéle MBIE at ultra-low
concentrations in the range where tbé dissociation of water becomes
important has been deﬁeloped (Haub and Foutch, 1986a,b). Their model
was limited to Na'- Cl° exchange in the hydrogen cycie at 25°C. The
work by Haub and Foutch (1986a,b) was the first MBIE ‘model a£
ultra-low concentfatidns. This model involve& water equilibfium
rather than assumiﬁg an irreversible reaction. The diffusion process
around a given exchange particle was described by the Nernst-Planck
equation. Overall column performance was ‘obtained by solving the

partial differential equations for the material balances on each
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~resin. A major improvement of this model is the sepaiate material
galance considerations for each resin. Previous work treated the
mixture of anionic and cationic resin as a single salt removing
substance. There are estimation methods still in use that require the
determination of which species will break through first so that the
overall system can ﬁe designed (Gottlieb, 1990). The effect of water
dissociation can be seen Qﬁen both resins are considered and the
separatioﬁ is accomplished. Extending this model to consider
operation at other than 25°C was done by Divekar, et al. (1987). This
required expressions for all of the physical properties used within
the model as functions of temperature. - The next ex;ension of the
model should consider operation with components different and
additional to the  four originally considered. Power plant concerns
deal with the HOH cycles abilityita remove ions othef than Na' and C1°
only, and amine cycles.

Hydrogen cycle oberation produces neutral (pH = 7.0 at 25°C)
ultra-pure water for electrica; component processing or BWR (Boiling
Water Reactor) nuclear electricdl generation and some fossil fired
electrical generating facilities. These applications typically
require 18* megohm water in large quantities. The HOH cycle produces
water of this quali£y.

The ability to measure ionic impuritieé has improved
significantly in recent years with the development of on-line ion
chromatography that allows parts per trillion (ppt) level analysis
(Davis, 1990). This level of purification can only be achieved with a
mixed-bed unit. The qevelopmgnt of a model that can consider

concentrations in this range for multiple species will allow for
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improvements in operation and design of water polishing equipment.
The Divekar, et al. (1987) modification to the Haub and Foutch (1986)
model can handle sodium and chloride contaminants at these ultra-low
concentrations for a range of temperatures.

Amine cycle exchange is of interest to PWR (Pressurized Water
Reactor) nuclear cycies and some féssilnfired electrical generating
facilitiés. The amine is added“as é pH pontrolﬂagent to reduce
corrosion products presept in the secondary cycle. Industry
guidelines recommend a féed water pH of 9.3 - 9.6 fof non-copper
alloys and 8.8 - 9.2 in'the presence of copper alloy§ (EPRI NP-5056,
1987). These r;nges have been ﬁaint;ined,in the past by the addition
of ammonia (for.pH control) and hydrazine (for oxygen scavenging) to
the boiler feed water.»Redently, fhe possibility of using amines to
replace ammonia has been consideréd.( Cﬁrrently, the most popular of
these alternative amines is morpholine. The chemical structure of

morpholine is:

King (1988) conducted a surveyAbf éhe various alternative amines for
pH control in secondary chemistry. The expanding usage of morpholine
reduires éhe development of new‘MBIE models to address morpholine and
other alternative amines. Opérating,a MBIE unit with a pH control
agent can beraccomplished by two methods. The first is to operate in
the HOH cycle, remove the’amine as well as the other contaminants from
the water, andytheﬁ redose the feea water with the amine. The other

method is to operate in the amine cycle (amine form cation resin) and
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regenerate ?he MBIE unit as needed or on a regular schedule. This
eliminates the necessity of redosing the feed water.

Operation in the HOH cycle with redosing has certain
drawbacks. Redosing can be costly and leads to significant sodium
slippage off of the mixed-bed polisher when the capacity has been
consumed by the amine (Darvill, et 51. 1986). The alternative is to
convert the cation resin to the amine form and thereby remove the need
to add more amine to the boiler feed water. Plant tests in the
hydrogen cycle led Darvill, et al. (l986)¢to adopt mixed-bed polishing
in the morpholine cyclé. They found that, in the absence of condenser
leaks, the morpholine cycle could behsustained for long periods of
time. This cycle also has the ability to handle condenser leaks due
to the favorable selectivity for so&ium.:ACurrently, the only model
designed to handle MBIE in.one of. these cycles is that developed by
Bates and Johﬂson>(1984). This is ; mass action equilibrium model
that does not consiéer diffusionél rate control. The model operates
by the selection of an empifiqal plate height to match the data. This
model should run into ﬁroblems in,gituations where the selectivity is
favorable for sodium with higﬁ éatignfto-anion resin ratios. This is
due to the effects’shownlby Héub (1984) and Yoon (1990) Wﬁere the
species that break through first are not easily determined. Also, the
Bates and Johnson model assumes that all of the hydroxyl ion present
is due to the dissociation of ammonia. This reintroduces the
assumption that the unit is a'single sal; removing substance which is
not true. The release of hydroxyl ions dﬁe to a different rate of
anion exchange should be considered. These limitations do not retract

from the ability of the Bates and Johnson model to operate effectively
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in the ammonia cycle, where unfavorable sodium selectivity is
encountered, due to the very low breakthrough limits for sodium. Any
model should be able to consider operation in any amine form as well

as the ammonia cycle.
Objectives

There are a number of/specific concerns that this dissertation
will address. Extending the modéling effort begun by Haub and Foutch
(1986a,b) to consider other and multiple ions while retaining the
temperature flexibility is the focus of this work. The consideration
of various aﬁine cycles is one portion, and operation in the amine
form or the HOH form are both addressed.

The format followed in this dissertation is to present the
material as a series of articles, -each covering a specific topic.
Detailed Aevelopments will be preéented in the appropriate appendix.

The first afticlé,willbanress the development and evaluation
of a model designed for amine cycle MBIE. This model was developed to
handle the operating conditions of MBIE with an amine fofm cationic
resin. The model was construéteq to allow consideration of any amine,
provided that the necéssary physiég1>properties are known. The model
will be compared with the model developed by Bates and Johnson (1984)
and tested with operational data available from the literature.

The second article will address the general topic of
multi-compénent HOH cycle exchange in neutral systems (pH = 7.0).

This is an extension of the HOH cycle model developed by Haub and
Foutch (1986a,b). Temperature éffects are included throughout the

development. Some of the temperature dependent properties have been
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fit exclusively for the limited temperature ranges that MBIE units
typically experience (20°C to 90°C). The model will be, compared with
the limited amount of ternary éxchange data that is available.

The final article addresses multi-component operation in other
than neutral systems. Speeifically, the operation of a MBIE unit with
an aminated feed water stream in thé HOH cycle. The characteristics
of this development allow extending the MBIE unit operation past the
amine break and switching over into the amine cycle. The reason for
this type of operation is to minimize the initfal‘treatments‘required.

There is a need for a model which predicts amine cycie ion
_exchange behavior because of the increasing usége of alternative
amines. Alternative amines are Q new area for power facilities as
well as resin manufacturers. The ability to model these systems will
enable design engineers and manufaéturers to improve proces; and resin
characteristics and thereby improve overall performance.

Facilities operating MBIE ﬁnits typically experience ionic
contaminants other éhan sodiu@(aﬁd ghloride. These other species have
differeng properties and thejabiliéy to predict there fate within the
bed is essential for an in&ﬁstrially useful model. The extension éf
previous binary exchange work to consider ternary systems should
address these needs. A general ternary MBIE model to address
uni-valent exchange operation in neu;ral systems will be presented.

Operafion at otﬁer thénFneutfal conditions is of groﬁing
importance as purification of streams maintained at a specific pH is
necessary. The third article is directed at the 6peration of a MBIE
unit with a pH control additive through the amine break. After the
amine break, the unit may either be removed from service or allowed to

operate in the amine cycle.



CHAPTER II

MIXED-BED ION EXCHANGE MODELING WITH
AMINE FORM CATION RESINS

Abstract

A model for the operation of a mixed bed ion exchange (MBIE)
unit with the cation resin in the ;mine form is developed. The model
considers film diffusion limited exchange with bulk phase
neutralization gnd correction for amine and hydroxide concentrations.
The effect of pH and inlet concentrationzsn the ratio of electrolyte
to non-electrolyte mass transfer cogfficients is addressed. The
results for ammonia cycle exchange compare favorably with those of
Bates and Johnson (1984). Amine cycle operation with morpholine is
addressed. The evaluation of pfher alternative amines is possible,

provided that the necessary physical property data are available.
Introduction

Electrical power generating facilities encounter the problem
of corrosion of metallic surfaces due to contaminants present within
the feed water system. The suspended énd dissolved solids present in
the water are removed by a series of filtrations and ion exchanges.
Ion exchange removes ionic contaminants from the water by passing the

water through a packed bed of ion exchange resins. Combining the
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purification.steps with a pH adjustment agent further reduces the
corrosion of process equipment.

One method for improved corrosion control is the introduction
of a weak base into the water stream to increase the pH. This in turn
reduces the amount of corrosion that occurs on the metallic surfaces.
This base has historically been ammonia. In recent years alternatives
to ammonia have been consi&ered. Qne of fhe alternatives that is

experiencing increasing usage‘is morpholine (C ONH).

4Hg

The major factors that affeét the selection of a weak base
are; 1) dissoqiation constant, 2) distribution coefficieﬁt, 3)
degradation cﬁéracteristics, and 4) toxicity. The dissociation
constant refleéts the extent to which the base ionizes when dissolved
in water. The larger the dissociation cgnstaﬁt the more effective the
weak base is4at pH control. The distribution coefficient is defined
as the the ratio of the base in the steam phase to the water phase,
when two phases are present. A law value for the distribution
coefficient is desiréble’to prpvide decreased corrosion rates in
process equipment where two phasg.operation occurs (Sawochka, 1988).
The base must also be thermally stable because of the wide range of
process conditions that it will experience. Some bases are unstable
under certain conditions and the effects of their degradation products
must then be cohsidered. Finally, the base should not be toxic since
material handling is necessary and spills may occur.

Water stream purification must be considered when evaluatingﬁ
an amine. The most'import;nf‘féctor is the selectivity coefficient
for sodium over the éﬁine on the cationic resin. The selectivity

coefficient relates the interfacial and resin phase concentrations as:
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Ky = 2.2 (eq. 2-1).
g

Where the bar denotes resin phase and the * denotes interfacial
concentration. If this value is less than one, then the resin tends
to prefer ion B, the opposite is true if it is greater than one. In
amine form operation the selecti&ity coefficient directly relates to
the abilify of the ion exchange system to remove ionic contaminants,
such as sodium. Table I summarizes the selectivity coefficients for
many exchange processes. A comparison of thg dissociation constants
as functions of temperature for ammonia, morpholine and
2-amino-2-methyl-1-propanol (AMP) is shown in Figure 1 (EPRI NP-5594,
1988). This shows that to attain the same pH with morpholine as with
ammonia, more base must be added. ?he opposite is true for AMP, but
preliminary tests have shown it to be less effective than morpholine
or ammonia for corrosion control (EPRI NP-5594, 1988) due to its high
degradation rate.

Some fossil fuel electrical generating facilities and most
pressurized water reéctor‘(PWR) nuclear generating facilities use some
form of pH control agent. AThe Electrical Power Research Institute
(EPRI) recommends that feed water pH be maintained in the range of
9.3-9.6 in the absence of copper alloys and 8.8-9.2 when copper alloys
are present (NP-5056 SR, 1987). This requires ion exchange systems éo
handle aminated water. This can be accomplished-by MBIE in either the
hydrogen cycle or with the cation resin in the amine form.

A model for MBIE operating in an amine cycle is of interest to
electrical power generating facilities using some form of pH control

additive. Current models for ammonia cycle exchange are of the



Table I

Selectivity Coefficients

Coeficient Value Resin

Cation Resin

Kga ‘ 1.5 ' AMBERSEP 200
Kﬁ;g 2.5 AMBERSEP 200
1q:‘g 4.5 DOWEX 50 X 8
Ag ‘
Ko - 1.7 AMBERSEP 200
Ag :
Ky 3.0 DOWEX 50 X 8
Kﬁm 2.5 AMBERSEP 200
Kﬁz 1.7 AMBERSEP 200
Na ,
Kyo 0.8 AMBERSEP 252
e 2.1 AMBERSEP 252
Morph
Anion Resin
cl
K 15.0 AMBERSEP 900
OH
K03 2,45 AMBERSEP 900

Ccl
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mass-action equilibria type. The model developed by Bates and Johnson
(1984) uses an empirical plate height method and equilibrium
calculations to simulate an ammonia form MBIE unit. Models of this
fype are useful to industry because of their empirical basis, but they
represent only limiting cases that may be improved on by more
theoretical models. Consideration of low inlet concentrations (<lO-4
M) requires that the diffusion controlled rate of exchange be
examined. In these concentration ranges film diffusion is typically
the rate controlling step. In film diffusion limited exchange, ions
diffuse through a stagnant film which is assumed to exist around the
particle. In order to model this situation, a description of the
diffusion procéss and the film surrounding the particle is needed.
The objective of this work is to develop a model for amine
cycle MBIE at low concentrations. ‘This article presents the model

development and evaluation as it applies to ammonium and morpholinium

form cation exchange resins in a MBIE column.
Model Development

The model develope& here addresses the inclusion of an amine
into a typical MBIE system operating in the amine cycle. The ions
that directly affect the exchange processs are Na+, NHZ, OH , and Cl .
The equations derived to describe the wvarious conditions involved are

presented, the details are included in Appendix A.
Assumptions

The number of assumptions involved with this development have

been limited to produce as general a model as possible. MBIE has been
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considered from a mass transfer limitation viewpoint. Using
microscopic methods would be the most accurate approach, but modeling
the variations in local concentrations, resin site strengths and their
interactions is impossible. The overall approach is a macroscopic
analysis with the goal of an experimentally verifiable model.

The major assumption is that the process is film diffusion
controlled. Exchange resistance due to particle diffusion is not
accounted for in the derived flux expressions. Also, the rates of
reactions are assumed to be instantaneous compared to the rate of
exchange. Other assumptions are; unifofm bulk and resin phase
compositions for a given particle, equilibrium at the particle film
interface, bulk phase neutralization, negligible hydrogen ion
concentration, activity coefficients equal to unity, pseudo-steady
state mass transfer, isothermal operation, plug flow, and negligible
axial dispersion. Table II lists all of the assumptions that have
been applied to obtain a working model.

Simplifying assumptions have been employed only as necessary.
The plug flow assumption has been used by Kataoka et al. (1972) and
Haub and Foutch (1986a,b). Considering non-plug flow and non-uniform
concentrations would more accurately represent the system.
Unfortunately, the skills necessary to incorporate such considerations
are beyond present capabilities. The negligible hydrogen ion
concentration is a direct result of operation in the pH 9.0-9.8 range,

since this gives hydrogen ion concentrations of 10-9- 10-9'8

M. When
this concentration level is compared with the concentrations of the

other species, its contribution to the exchange process can be

neglected.
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Table II

Model Assumptions

1

2)

3)

4)

5)

6)

7)

8)

9)

10)
11)
12)
13)
14)
15)
16)

17)

Film diffusion control

Pseudo steady state exchange ( variations of
concentration with space are much more important than
with time)

No coion flux across the particle surface

The Nernst-Planck equation incorporates all interactions
between diffusing species

All univalent exchange

The static film model can be used to describe the film
adhering to the particle surface

Solid-film interface is maintained at equilibrium

Reactions are instantaneous when compared with the rate
of exchange

Curvature of the film can be néglected

No net coion flux within the film

No net current flow

Uniform bulk and resin compositions

Activity coefficiénts are. unity

Negligible hydrogen ion concentration at high pH's
Plug flow

Isothermal, isobaric operation

Negligible axial Dispersion
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The dissociation of ammonia affects the bulk phase
concentrations of the amine (dissociated and undissociated) and
hydroxyl ions. The reaction between the dissociated amine and
hydroxide has been restricted to the bulk phase to accommodate the
release of these species from the cation and anion resins,
respectively. The bulk phase concentrations of these ions are
corrected based on the exchange process and the\amount of
undissociated amine present. The equilibrium reaction is given as:

AMINE? + OH™ «——— AMINE + H,0.

The reaction consumes released amine and hydroxyl ions in order to
maintain equilibrium. In turn, the bulk phasé conceﬁtrations affect
the exchange process by changing the concentration driving force
across the film and the effective diffusivity of all species present.
This shows the coupled nature of the exchange. The release or removal
of various ions affects the bulk concentrations of the other
constituents through the amine equilibrium relation. This equilibrium

is expressed as:

(C_ . +) * (C..-)
K = amine OH (eq. 2-2).
C

NH4

Flux Expressions

The flux expressions, and thereby the concentration of the
bulk and resin phases, are derived using the Nernst-Planck equation.
This expression incorporates the typical‘concentration driving force
and includes an electrical potential effect due to differing ion

mobilities. The flux is related using these equations by a diffusion



25

coefficient. The Nernst-Planck equation for ion (i) is

J. =D, [v c. + &4fC. v 4 ] (eq. 2-3).
1 1 1 RT

This is used in conjunction with the static-film model. .Using a
different film model may be appropriate, but the static-film model has
been shown to agree well with other models. The detailed derivation
of the flux expressions that relate to this exchange with bulk phase
neutralization are presented in Appendix A. The resulting expression
for the flux of sodium through the film surrounding the cation resin
is:

2DnDX(C;+q;,-C:#C*)

J_ - B (eq.2-4).
(D_-D_) &
n x 7

This combined with a similar expression for the flux of the chloride
ion, for the anion resin, allows the application of the static film

model to define the ‘effective diffusivity for each 'species.
Particle Rates and Effective Diffusivities

The particle rate.expression given by the static film model
is:

8<C.> ,l o . ¥ )
—5E1- -'Ki a ( Ci Ci ) (eq. 2-5).

Where the <Ci> is the resin phase concentration of species i. This can
be related to the flux across the film due to pseudo steady-state
exchange as:

a<C.>
=it = -Uag (eq. 2-6).

This relation can be used to define the effective diffusivity for
species i since the constant in the rate expression is:

K' = De /8 (eq. 2-7).
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Where De is the effective diffusivity and § is the film thickness. The

resulting expression for De is:

D = ——Ti— (eq. 2-8).

The expression derived earlier for the flux (eq. 2-4) can be used here
and the result is an explicit expression for the effective diffusivity

as:
* * o o
2 DX Dn ( Cx +‘Cn - CX - Cn )
,De= — S * - (eq. 2-9)
(d, - D) (C -C)

It is more convenient to use fractional notation for the resin

phase and liquid phase compositions. These fractions are defined as:
y; =<¢,>/Q,

for the resin fraction and,

x, = C, C
i i / T’
for the liquid phase concentration fraction. In these relations Q is

the total resin capacity and G, is the total counter ion (or coion)

T
concentration. The selecfivity coefficient can be used to eliminate
the interfacial concentration in favor of the resin phase fraction
when combined with the film concentration equation ( eq. A-3).

Fluid flow effects are incorporated depending on the particle
Reynolds number using either Cafberry's (1960) or Kataoka's (Kataoka
et al., 1973) equations for the non-ionic mass transfer coefficients.
These coefficients are included in the rate eﬁuatisn by the using the
Ri factor. Ri is the ratio of electrolyte to non-electrolyte mass
transfer coefficients:

;- |

2/3
] = Ki / Ki (eq. 2-10),

o

_&
D,
i
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where Ki is the non-ionic mass transfer coefficient in the packed bed
based on spébies i. It indicates the extent to which the differing
mobilities of the ions effect the exchange process. The effective
diffusivity is that derived earlier for the exchange process. Kataoka
et al. (1973) showed that the two thirds power of the diffusivity
ratio correlated very well with the value of what Pan and David'’s
(1978) definition of Ri' Adding this reiation to the previously
defined particle rate yields:

0y; _ ° L ‘
; tl = Ki Ri a CT ( X, - X ) / Q (eq. 2-11).

Material Balances

The overall material balances for the column are evaluated to
determine the concentration profile within the column and its effluent
concentration history. The column material balance is given from
Appendix B as:

ac ac (1l-¢)
¢ 3z" f 3t + €

QJIQJ
(ANl

n=20 (eq. D-1)

for one resin. The fact that the column is a mixed bed of cationic
and anionic resins requires that the volume fraction of each resin be
incorporated into the balances. This is accomplished by defining two
system parameters FCR (cation resin volume fraction), and FCA (anion
resin volume fraction). This allows for the inclusion of a third,
inert resin, which is sometimes used as a sefaration aid. These allow
both resins to be considered simultaneously. The form of the
equations can be improved by a transformation to the dimensionless
independent variables suggested by Kataoka et al. (1976). These new

variables are:
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T = dl QT ( t - EGE ) (eq. D-2), and
P s
K. (1-¢)
¢ = —l—a——— z (eq. D-3).
s P

The resulting material balance equations are derived in Appendix D as:

g—zi + FC, g-Zi -0 (eq. D-5).

Where FCj is the volume fraction of the resin that the balance is
conducted over. A basis for the new variables must be selected, the
case here has been based on the parameter values for sodium. This
requires the chloride material balance equation to use sodium based
independent variables which change; the form of the equation slightly.

The particle rate equations must be transformed to the new independent

variables. This is given from Appendix D as:

ay o ¥ _
s = 6 Rn ( X X ) (eq. D-11), and
K Q
.y, _ [ c ¢c } )
31 = Q ( x X, ) (eq. D-12).
n pa a

Hence, the material balance equation can be written in the form:

g—gi - - 971 —Rate;  (eq. 2-12),
where the rate equation is given by the particle rate expression.

This resultant system of equations can be solved by the method
of characteristics. The numerical technique evaluates these equations
along curves of constant 7 and £. This requires the ability to solve

a system of ordinary differential equations. Their solution is

accomplished by using the Adams-Bashforth (fourth order) explicit
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method in 7 and Adams-Bashforth-Moulton (fourth order) in &. A

detailed description of this technique is in Appendix E.
Temperature Effects

There are a number of model parameters that are temperature
dependent properties. Divekar et al. (1987) modified the model
developed by Haub and Foutch to account for temperature effects. The
equations developed there have been suplemented with the additional
ones required for this work. Those that can be incorporated for
different temperatureg have been fit in the typical zone of operation
(20 °C to 90°C), Table III summarize; the properties fhat have been
considered as temperature dependent and the equations used to evaluate
them. The diffusion: coefficients usé the 1imiting ionic mobilites
given by Robinson and Stokes (1959). The dissociation coﬁstants were
fitted to the curves presented in Figure 1 (EPRI NP-5594, 1988).

The necessary equations and parameters have been determined
for the MBIE column under consideration. These can now be evaluated
and compared with existing data to evaluate the models ability to

describe amine cycle ion exchange.
Discussion

The necessary model parameters are summarized in Table IV.
These are system or species- dependent properties that éan be obtained
form manufacturers data or the literature. This is the major
advantage of a theoretical model, existing parameters can be used to

compare with experimental results and examine hypothetical situations.
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Table III

Temperature Dependent Values

Ionic Diffusion Coefficients

Na* D_ - (RT/F%) (23.00498 + 1.06416 T + 0.0033196 T2) *
+ 2 2
H' D= (RT/F’) (221.7134 + 5.52964 T - 0.014445 T2)
NH, D_ = (RT/F%) (1.40549 T + 39.1537)
kK" - (RT/F%) (1.40549 T + 39.1537)
; 2 2
OH™ D_ = (RT/F’) (104.74113 + 3.807544 T°)
c1” p_ - (RT/F%) (39.6493 + 1.39176 T + 0.0033196 T2)
Dissociation Constants
Species .
H0 K= exp( - (4470.99/T - 6.0875 + 0.01706T))
-5 239
NH, Ky = 10%% (-(4.8601 + 6.31x107> T -5.98x107> T7))

Morpholine K = 10%% (-(5.7461 + 8.095x10™° T -

0.013881 T2))

Solution Propoerties

Bulk Viscocity s = 1.5471 - 0.0317109 T + 2.3345x10™% T2

* Divekar et al. (1987)
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Model Parameters
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Bulk Phase

Viscocity (u)

Temperature (T)

Resins
Capacities (QC, Qa)
Selectivity Coefficients

Particle Diameters (d , d )
.pc pa

Column Conditions
Flow rate
Column Diameter
Packea Height
Void fraction (e¢)
Cation resin volume fraction (FCR)

Anion Resin volume fraction (FCA)

Initial resin phase concentrations (yi t=0)

Inlet Conditions
Sodium and Chloride Concentrations

pH

Ionic Diffusion Coefficients (D 's)
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Rates of Exchange

The ratio of non-electrolfte to electrolyte mass transfer
coefficients describes the effect ;hat differing ionic mobilities have
on the exchange process. Ri depends on the diffusivities of the
exchanging species and the resiﬁ characteristics. Ammonium has a
higher self diffusion coefficient than sodium}so when ammonium is the
exiting speéies from the resin the{rate of exchange should be
enhanced. This is shown in Figure 2. The lines for different pH's
account for various bulk phase concentration ratios, and*Ri is nearly
linear with resin phase sodium loading. The effect gf sodium bulk
phase concentra;ion at a fixed pH can be seen iﬁ Figure 3. The
linearity seen in Figure 2 is again seen ﬁnderAthese conditions. The
observed behavior is due to the ratio of self diffusion coefficients
of sodium and ammonium beiné‘nearly orie This coupled with the
unfavorable and neéar unity Valuevof the selectivity coefficient
results in very limited sodiuﬁwloadings for forward exchange. This is
shown in Figure 4. Morpholine on the other hand has a lower
diffusivity than sodium so:the value of Ri will be less than one.

This tends to retard the éxchange process. The results of this are
shown in Figure 5, where selecfivity coefficients of 2.1 and 15 are
compared for various pH’s. Theoselgctivity‘coefficient for sodium
over morpholine is favorable for- all cationic resins. The actual
value of the selectivity coefficient varies greatly from resin to
resin. The rate of exchange of sodiﬁm for morpholine for Ambersep 252
is shown in Figure 6 (Kﬂi = 2.1).  This rgte is positive over a larger

loading range than for ammonia due to the favorable selectivity
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coefficient. Ambersep 200 has a significantly higher selectivity
coefficient for sodium over morpholine. This can be seen in Figure 7,
the range of positive rates has increased considerably when compared
with Ambersep 252. The selectivity coefficient in this case is 15.
The rate remains positive for a wider range of sodium loadings and
then drops off sharply as the equilibrium loading is exceeded. This
implies that morpholine, although detrimental to Ri’ has a
significantly greater capability for sodium exchange. If the
residence tiﬁe within tﬁe bed is sufficient, morpholine will have more

favorable exchange characteristics than ammonia. -
Column Simulations

Column conditions equivalent to those used by Bates and
Johnson (1984) have been adopted so that the results of the AMMLEAK
model can be comparéd with the one developed here. The pH conditions
vary form 9.2 to 9.8 for ammonia cycle exchange and inlet sodium
concentrations have been evaluated from 10 ug/Kg to 1 mg/Kg. This
gives a wide range‘of conditions for model evaluation.

Bates and Johnson (1984) conqucted one experimental run on a
one meter tall column at pH = 9.4 to compare model predictions with
actual data. The AMMLEAK model over predicts the time for
breakthrough based on an intermittent condenser leak of 1 mg/Kg. The
model developed here is compared with their experimental data in
Figure 8. The predicted curve breaks through earlier than the
experimental data, which is a preferable situation when compared to

over predicting break through times.
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A comparison of AﬁMLEAK predicted times to 2 pg/Kg break
through, for constant sodium inlet concentrations, and the present
models predictions are given in Figure 9. The current model under
predicts the time at each inlet concentration for pH = 9.4. This is
again favorable from a predictive stand point since the model would
require the removal of the bed from service before any excessive
sodium leakage occurred. The break through curves for the PH 9.4 and
constant feed sodium concenération are shown in Figure 10. The
AMMLEAK model predicts break through_times reasonably well for ammonia
cycle exchangg due to the small impact of Ri’ as shown by Figure 2.
The models failings will become\more‘eviaent when the possibility of
hydrogen cycle exchénge is considered.

The effect of cation-to-anion resin ratio on ammonia cycle
exchange is shown in Figure 11. The net effect of an increase in the
cation resin volume fraction is to increase the bed capacity for
sodium. The increase in break through times for sodium is evident
from this figure. The possiblg‘breakthrough of chloride only becomes
important at very high cation resin fractions since the selectivity
coefficient for chloride on the aniénic resin is 16.5. This fact will
change when considering the morpholiﬁe cycle.

The current model seems to compare favorably with the limited
amount of experimental data available. Its under prediction of break
through times increases the usefulness in ammonia cycle exchange
evaluations.

Break through‘curves for 25 oC, 40 °C and 60°C are shown for
total ammonia concentration equivalent to pH 9.6 at 25°C, in Figure

12. The net effect of increased operation temperature is to increase
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the break through time for sodium. This does not consider the resin
selectivity coefficient as temperature dependent. The lack of
information in this area required this assumption. Industrial scale
ion exchange units are typically run at temperatures in the range of
40 - 60 °C.

The addition of morpholine instead of ammonia for pH control
has a major drawback. The dissociation constant for morpholine is
nearly an order of magnitude lower than that for ammonia. This
requires a nearly order of magnitude increase in the bulk phase
concentration of morpholine to attain the same pH. This results in
increased cost of opefation due to the required increase in morpholine
concentration. The favorable selectivity for sodium over ammonium and
the reduced corrgsion rates may, in the long run, outweigh the
increased cost. |

The same conditions used to evaluate the ammonia cycle have
been applied for the morpholine cycle. The selectivity coefficient
for Ambersep 252 (2.1) was used in these model evaluations. This
allows the comparison of both cycles on essentially equal ground. The
breakthrough characteristics equivaIent to those in Figure 8 are shown
for morpholine in Figure 13. The predicted time for breakthrough has
increased because the column is sufficiently large to overcome the
unfavorable diffusivity affect. The condition of constant sodium
inlet concentration is compared with the break through times to a 2
pg/Kg limit for ammonia and morpholine in Figure 14. This figure
implies that morpholine has the potential for longer MBIE unit service

times than ammonia under the same process conditions.
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A comparison between using Ambersep 252 and 200 is shown in
Figure 15. The increased selectivity coefficient greatly increases
the time for break through, as one would expect. In the case of
Ambersep 200 the break through of chloride must also be considered
since the anionic resins have typically 60% of the exchange capacity
of the cation resins. This operational scheme is when the model can
be used to select the optimum’cation-to-anion,}esin ratio. The
possibility of cﬁloride brgak througﬁ prior to sodium is shown in
Figure 16. Here the chloride has reached the inlet concentration
level before the sodium break through has fully developed. The level
of contamination that is acceptable influences which species must be
tracked. The sodium concentration rises sooner than the chloride, but
when break through occurs the chloride concentration rises rapidly.
The detrimental affect of using Ambersep 200 in these cycles is that
it is extremely difficult to regenerate. The favorable selectivity
coefficient coupled with the low degree of dissociation make

converting the cation resin into the amine form extremely difficult.

Conclusions and Recommendations

The model presented here compares favorably with the existing
experimental data and the mass action equilibria model of Bates and
Johnson (1984). The major advantage of the model is the ability to
make these predictions based on available literature parameteré.
Additionally, the model can be modified to evaluate other alternative
amines effects on ion exchange By using experimental values for the

system properties. The Wilke-Chang equation (1955) can be used to
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estimate self diffusion coefficients for species that are not readily
available within the literature.

The comparisons between ammonia and morpholine as pH control
agents show morpholine, operating in the morpholine cycle, to be a
viable alternative to ammonia. The major drawback of morpholine is
its degradation within thg steam cycle and the effects that its break
down products have on the corrosion process.

The model is limited by the accuracy of the available data.
Most of the parameters used within the model are accurate to two
significant digits. This combined with’thé tremendous effect an error
in a parameter such as the capacity of the resin can have suggests
that more reliable values are needed for tﬁese system parameters.

Additional considerations need to be incorporated within the
model. The extension of the abovévmodél to handle hydrogen cycle
exchange in the presence of amines and other multiple ion systems
needs to be addressed. Aiso, a detailed sensitivity analysis of the
model to various parameters will yield those that have the greatest

effect on the exchange process and the overall columns operation.
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CHAPTER III

MULTI-COMPONENT UNI-VALENT MIXED-BED ION EXCHANGE
MODELING IN NEAR NEUTRAL SYSTEMS

Abstract

A model fo? mﬁlti—component mixed-bed ion exchange is
developed based on film diffusion limited mass transfer.. The model
predictions compare favorably with the existing ternary data for the
limiting case of no ‘anion resin exchangé only. The model is then
extended to handlé six component .exchange (three cations and three

anions) for uni-valent systems with bulk phase neutralization.
Introduction

Binary ion exchange systems have been thoroughly investigated
by many researchers. However,vthe area of ternary, and larger
component systems have been addressed only in a limited fashion. The
development of a model that can predict column effluent~concentration
profiles for ternary systems wiil extended the ability of engineers to
design and evaluate more complex systems. The approach for
multi-component systems has followed the s;me route as that for binary
exchange. The development of binary ;xchange models is based on

equilibrium calculations, followed by single particle investigations

of transport properties. This approach represents the state of

54
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multi-component ion exchange theory at the present, with two notable
exceptions.

There are many possible applications of a multi-component
mixed bed ion exchange (MBIE) model. These include; power plant
secondary cycles, micro-chip processing, waste water cleanup and ion
chromatography. Those industries that are required to meet stringent
guidelines, either governm;nt or self imposed, need the ability to
improve process evaluation to optimize regeneration times. 'This has
been met by equilibrium models, or by fixed regeneration cycles to
determine when a mixed bed should be removed from service. A model
that can predict accurately the fate of multiple components will allow
the regeneratioﬁ schedules to be improved upon and thereby decrease
operating costs.

Consideration of multi-component exchange in single resin
systems began with Dranoff and Lapidus (1958). They approximated the
rate of exchange with a reaction kinetic model. This required the
rate constants for the‘exchange process as well as the equilibrium
constants for the resin FS be experimentally determined. The
advantages of this modél are that thé model will accurately predict
shallow-bed operation for a wide rangé of process conditions. The
major disadvantages are, the need to determine rate constants each
time process modifications are made, and the inability of a kinetic
model to describe the diffusion‘limited nature of the exchange
process. Dranoff and Lapidus (1961), evaluated the approach, they
found that it could only‘handle shallow-bed systems. The method also
determined equilibrium constants for the resin that differed

substantially from the published resin characteristics.
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Helfferich (1967),\developed a multi-component equilibrium
model that could handle as many exchanging species as were present.
This model predicts the intermediate plateaus that other investigators
have since observed. The plateau regions bring out a further draw
back of the model of Dranoff and Lapidus (1958), the inability to
predict the intermediate plateaus with the kinetic model limited their
development .to shallow beds. Wagnef and Dranoff (1967) considered
film diffusion limited ternary exchaﬁge fér cationic resins. They
relied on a strong base solution that éonsumed the exiting hydrogen
ion at the catioﬁ resin surface. In essence, fhis limited the
exchange procéss to binary exchange with a slightly modified
interfacial boundary.condition.

Bajpai et al. (1974), conducted particle studies of ternary
cation exchange. These studies were limited to the particle diffusion
regime of ion exchange. This was th; first investigation that
considered the diffusional 1imitatioﬁs that were first discovered by
Boyd et al. (1947). The Nernst-Planck equation was used to determine
the species fluxes within the fesin,framework, with the resulting
equations solved numerically. This was the first step in the
development of ion exchange models fdr multi-component diffusional
rate limited exchange. |

Particle diffus;on in multi-component systems has been further
developed by Hwang and Helfferich\(1987) and Yoshida and'Katapka
(1987). Hwang and Helfferich developed a model for general exchange
accompanied by fast reversible reactions within the particle. The
Nernst-Planck equation\is combined with a reaction“coefficient matrix

to determine concentrations within the particle. This method has not
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been extended to consider film diffusion or to evaluate column
performance. The work of Yoshida and Kataoka was restricted to
ternary cation systems exchanging on DOWEX 50 X 8. The mean resin
phase concentration was compared between the numerical model and the
experimental data that they collected. Their model considered only
particle diffusion for single resin beads.

Thé first detailed consideration of multi-component film
diffusion cpntrolled ion exchange was presented by Omatete et al.
(1980a,b). The first article was a theoretical consideration of the
process generalized to compare the Nernst-Planck equation with Fick's
law. The method was not restricted to film diffusion and also
éonsidered the possibility of concentration depeﬁdent diffusion
coefficients. This development supports the work conducted by Yoon
(1990) where the Haub and Foutch (1986a,b) model was found to be
inadequate based on the diffusion coéfficients. Omatete et al.
(1980b) addressed experimental evaluation of column performance for
ternary exchange. Unfortunately, the manner in wﬂich the diffusion
coefficients and mass transfer coefficients were defined restricted
their development to experimenta¥1y‘determined overall mass transfer
coefficients. They considered only one set of ternary data in the
evaluation. This set of data had an interesting characteristic, the
intermediate plateaus predicted by Helfferich (1967) were fully
develofed.

The most recent consideration of ternary, film diffusion
controlled ion exchange was conducted by Wildhagen et al.(1985). They
considered the selection of the appropriate effective diffusivity.

The Nernst-Planck equation and the static film model were used to
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develop a new basis for effective diffusivity expressions. The study
was limited to the evaluation of one ternary case, for a fluidized-bed
liquid-phase reactor. They failed to address the effects of external
reactions and was limited to single resin ;tudies. The work presented
is well thought out but the data presented by Omatete et al.(1980b)
was not copsidered, and systems where intermediate plateaus exist were
ignored.

The .currently acceptgd design methods for ion exchange systems
are summarized by Gottlieb (1990). These require the determination of
the resin phase that limits the exchange process. The méﬁhod does
have several distinct advantages. It is straightﬁorward‘and fairly
simple to use and also can handle muiti—valent exchange processes.

The design techniquefis primarily baséd on graphical representations
of mixed bed unit combined with quiiibrium calculations. Combining
the multi-valent caﬁabilities of tﬁis éechnique with a general
uni-valent model should be able to‘describe most ion exchange systems.
The graphical method is an excellent approach for preliminary design
considerations, but should be exteqdé@ to include general systems
where the limiting resin is not #nown. This type of operation was
Yoon's (1990) major conclusion. The“species that breaks through first
is dependent on many paraﬁeters and is directly affected by the
defined breakthrough limits. The defined breakthrough limits are the
allowable contaminant concentrations at the bed outietl Assuminé that
sodium (for instance) will exceed the outlet criﬁeria first, is
dependent on the inlet conéentrationé; pH and cation-to-anion resin
ratio. Equilibrium calculations will sometimes cause false

conclusions for MBIE unit operations.
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The model developed in this article addresses uni-valent
multi-component (three cations and three anions) exchange in a
mixed-bed unit. The initial resins are assumed to be in the hydrogen
and hydroxide form and the only reaction occurring is the water
dissociation reaction. The process is considered from a film
diffusion limited exchange viewpoint and is compared with the limited

existing data for ternary cation exchange.
Model Development

The model developed here is for film diffusion limited MBIE.
The method follows closely that presented\in an earlier article (this
Dissertation Chapter 2). The film diffusion flugeé are described
using the Nernst-Planck mode; combined with the continuity equation
for the film. This abplication shows. that some of the assumptions
made in earlier developments a*e really derived properties of the
system. Column effluent concentrations are determined by using the

material balance equations which are solved numerically.
Assumptions

The assumptions in the development have been limited to as few
as possible to develop a generalized uni-valent theoretically based
model. The assumptions presented in earlier work (this Dissertation
Chaptér 2) are modified to reflect the process under consideration.
Table I summarizes the previous assumptions and the additional
assumptions used in this model. Thosé that are actually derived

conditions are presented at the bottom of the table in a new category.
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Model Assumptions
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1

2)

3)

4)

5)

6)

7)

8)

ED)

10)
11)
12)
13)

14)

Film diffusion control

Pseudo steady state exchange ( variations of
concentration with space are much more important than
with time)

No coion flux across the particle surface

The Nernst-Planck equation incorporates all interactions
between diffusing species

All univalent exchange

The static film model can be used to describe the film
adhering to the particle surface

Solid-film interface is maintained at equilibrium

Reactions are instantaneous when compared with the rate
of exchange

Curvature of the film can be neglected
Uniform bulk and resin compo§itions
Activity coefficients are unity

Plug flow

Isothermal, isobaric operation

Negligible axial Dispersion

Derived Conditions

No net coion flux within the film

No net current flow
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The major assumptions involved are; film diffusion limited
rates, uni-valent exchange, bulk phase reactions (for three counter
ions), and that binary selectivity coefficients can be used to
describe the ternary exchange process. Kataoka and Yoshida (1980)
showed that ternary interactions for the selectivity coefficients can
be important. Unfortunately, the new constants must be determined
experimentally for the system under consideration. These observations
were made at high concentrations when compared with the conditions
considered in this article. At significantly lower concentrations
where the ionic activity coefficients are essentially unity, the

impact of the ternary exchanges should be lessened.
Flux Expressions

The flux expressions used to determine the effective
diffusivity are based on the Nernst-Planck model which has been used
extensively in ion exchange processes. The case of binary exchange on
one resin has been discussed earlier and the extended model developed
by Haub and Foutch (1986a) can be used in these near neutral systems.
The film reaction model is limitéd to the case of binary exchange
based on the need to determine the flux of hydrogen (or hydroxide) in
terms of the other diffusing counter ion. It also requires that the
concentration of the species be fixed at the reaction plane. This
cannot be done in pH adjusted waters.

The binary flux expressions have been developed for
hydroxide-chloride exchange in Appendix A. These same equations apply
to binary exchange on the cationic resin when hydroxide and chloride

are replaced with hydrogen and sodium, respectively.
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The ternary flux expressions are derived in Appendix B. A
methqd similar to that proposed by Wildhagen et al. (1985) is used.
The conditions that are not truly assumptions but derived expressions
are presented in Appendix B as well. The method used considers all of
the coions together, rather than individually, as has been done
before. Consequently a pseudo single coign (p) is defined to be the
sum of all the coion concentrations within thé film:

Cp = Cj , where j = coions (eq. 3-1).

This allows the elimination of the assumption that each individual
coion flux within the film is zerb, and makes use only of the
assumption that there is no net coion flux. This pseudo component is
used to eliminate the electrical potential as:

d_¢ 'R T l d_C )
dr F [ Cp d rP } (eq. 3-2).

The necessary restriction to homo-valent exchange must now be applied,
in order to eliminate the electrical potential term. The model has
been limited to uni-valent exchénge because the ions typically of
interest in MBIE are uni-valent as opposed to di or tri-valent. The
pseudo steady state nature of the exchange can be used to derive the
fact that the flux of each counter ion within the film is a constant.
The major conclusion of Appendix B is the determination of the
flux expression for ternary exchange. This expression for component i

(any counter ion) is:

2 2
* *T_*
2,D (C - c;) (C Y -‘c; ¥,
J.= [ - ] (eq. 3-3).
* 5 2.2
P P

This equation can be combined with the static film model to determine
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the effective diffusivity for the exchange process. An effective
diffusivity must be obtained because the static film model does not
yield an explicit means of determining the film thickness, 6. The
effective diffusivity combines the previous expression for the flux
and the oveFall mass transfer coefficient, giving a means to evaluate

the exchangé process.
Particle Rates

The particle rate expressions can now be derived based on the
same technique that has been applied earlier (Haub and Foﬁtch, 1986a
and this Dissertatioh Chapter 2). The particle rate éxpressions
derived in Appendix C apply equally as well to ternary exchange as to
binary exchange. The difference appears in the equation derived to
relate bulk phase and interfacial concentrations. The resulting
expression arises from the exact dffferential that can be expressed in
terms of the concentrations:of the diffusing species. For ternary

exchange, the relation is obtained from Appendix C as:

*

cFrct s cHo ¢+ Dpc+DCY) =
( A B c)( A°A B'B C c) B

o

B

o o o o
+ o) (D,C, + DpCp + DC.)= RHS (eq. C-7),

(CZ +C
where A, B and C are the three exchanging species and, o, denotes bulk
phase while, *, denotes interfacial concentrations. The interfacial
concentrations can be solved fo£ in terms of the resin phase

fractions, selectivity coefficients and the bulk phase concentrations

as:



64

* A A A A
CA =Y, RHS/[(l-KC)yA + (KB - KC)yC + KC]

1/2
A A
[(DA'DCKC)YA " (DBKIE - DKe) vp * DcKé}

This has assumed that the binary selectivity coefficients can be used
to describe the ternary exchange process. Since the charge balance
must be everywhere satisfied, the pseudo coion concentration is
equivalent to the sum of the counter ion concentrations. This allows
the effective diffusivity to be calculated and Ri determined. The

resultant rate expression is:

a_y, _ ? .0 ) * )
3 1= Ri Ki Qs ( Ci Ci ) (eq. C 6).

Where Ri is defined as:
D .~2/3
R.=[—‘il] =K' /K .,
i i i

D,
i

K; is the overall mass transfer coefficient and Ki is the packed bed
non-ionic mass transfer coefficient for species i. This is used in
conjunction with the ternary system as it was for the binary system
because of the approximation of the process as a series of binary

exchanges. This is a direct result of assuming that the binary

selectivities can be used for ternary exchange.
Material Balances

The form of the material balance equations does not change
from those used earlier. The solution process must be extended to
incorporate an additional component in each resin phase balance. That

is the major difference between ternary and binary exchange. The
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effluent concentration history of the bed is determined from the
solution of these equations and the evaluation at the column exit.

The numerical techniques employed to solve the resultant
system of equations is the method of characteristics. The resin and
bulk phasé fraction equations are then solved using fourth order
Adams-Bashforth in r and fourth order Adams-Bashforth-Moultoﬁ in €.
The method is briefly described in Appendix E.

With these necessary equations ;nd conditions, the
determination of effluent-concentration profiles of some MBIE units
in ternary systems is possible. Ihe model will first be compared with

the limiting case of ternary cation exchange with a single coion.

Discussion

'

Ternary Data

The model developed in this article for multi-component ion
exchange, can be compared for the iimiting case of ternary cation
exchange, with the experimental data of Omatete et al. (1980b). The

three components are Na+, Ag+ and H' . The single coion is NO3 since
silver chloride is essentially insoluble. The effluent-concentration
history for a 55.6 cm tall column was determined for specific inlet
~conditions on DOWEX 50 X 8 resin. The model compares reasonably well
with the experimental data as shoﬁﬁ in Figure 1. The break zones,
where there is a drastic change in concentration in a short period of
time, are extremely sharﬁ for tﬁe model predictions.‘ The most likely

cause of this is the assumption that activity coefficients are unity,

which is not the case in this concentration range (0.05 M). An
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activity coefficient model could be used to adjust the impact of the
selectivity coefficieﬁts, and more accurately represent the data.
Modifying the selectivity coefficient tends to flatten the
breakthrough curve. The general trend and location of transition
zones between the model and the experimental results are very good.
These comparisons imply that the model should provide a good
qualitative method for determininé efflueﬁt concentration profiles.

Figure 2‘compares a model predicted curve with data presented
by Dranoff and Lapidus (1961), for a shallow bed of DOWEX 50 X 8
cation resin 2.46 cm tall. The feed was a 0.0995 M solution of nearly
one to one silver and sodium nitrates. The model significantly under
predicts the time-fér each major response in the data. Considering
activity coefficie;t non-ideality should improve the results. The
height of the transient zone is over predicted by the model, and the
original leakage level is under predicted. The combination of these
two observations with the shallow Eed nature and relatively high flow
rate of the experiment leads to the conclusion that kinetic leakage
may well be present under these conditions.

Comparing Figure 1 and 2, the greater than feed concentration
zone in the sodium fraction is noticed. 1In Figure 2 the plateau zone
is not fully developed but transient. The shallow column and possible
presence of kinetic leakage, causes this transient behavior. The
column height for Figure 1 is roughly twenty times greater than that
for Figure 2. The greater height allows for the development of
distinct regions within the bed that operate in essentially binary
exchange. The first binary exchange area is between silver and sodium

after the hydrogen has been displaced, the second zone is
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sodium-hydrogen exchange, and the third region is unreacted hydrogen
form resin. As the process progresses, the silver zone expands
thereby displacing the sodium zone, which is also expanding. When the
sodium concentration has leveled off in Figure 1, the sodium exchange
zone has displace all of the unreacted hydrogen form resin. This
causes a constant sodium outlet concentration. Once the bed is
entirely at equilibrium with silver, the silver begins to break
through. This results in the final achievement of equilibrium and the
constant outlet concentrations for all species. The existence of the
transient and fully developed plateau zones is qualitatively predicted

by the model. '
Exchange Rates

The effect on the exchange rate in a ternary system is
significantly more complex than in a binary system. Ri and the rate
must be determined for two species, since there are three ions
involved in the exchange process. The overall result is a three
dimensional surface for Ri and tﬁe rate, with two of the resin phase
fractions as independent variables, for each bulk phase composition.
Figure 3 shows Ri for sodium ﬁnder specific bulk phase concentrations
at various resin loadings. The same conditions and there effect on Ri
for potassium is shown in Figure 4. The Ri for sodium is enhanced
significantly, with a discontinuity in the region of reverse exchange.
The effect of potassium is to reduce the slope in the low sodium
regions. As the equilibrium zone is approached, the value of Ri
approaches an asymptote. This asymptote is where the bulk phase and

interfacial concentrations are equal. Hence, there is no driving
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force for exchange and the value of the effective diffusivity is
irrelevant. This discontinuity arises because of the effective
diffusivity being defined in terms of the driving force. The effect
of increasing potassium resin phase loading is to decrease the value
of R, from what it would be for sodium-hydrogen exchange only.
Increasing sodium resin phase loading decreases the value of Ri for
potassium from what it Would be for binary exchange only. This is the
same effect that was noticed in earlier work (this Dissertation
Chapter 2), where the morpholine diffusion coefficient was lower than
the sodium diffusiop coefficient. This effect is most noticeable for
the sodium resip phase loading of 0.4. The decrease in Ri arises
since the less mobile of the two{species is on ﬁhe resin. . In addition
to this, there is a significant change in the nature of Ri for
potassium. The curve changes direction from increasing to decreasing
because of the combined effect of Fﬁe diffusion coefficients and the
previously mentioned discontinuity ét equal bulk and interface
concentrations. Lower potassium loadings, and sodium loadings, cause
a significant portion of the exchange to be between potassium and
hydrogen. The exchange between K andrH+ has a positive effect on Ri'
As the fraction of the available exchange species Becomes
predominantly sodium, the unfavorable diffusivity ratio between K" and
Na' causes Ri to cross over the discontinuity and be less than one.
The observations of the effects of exchange on Ri agree well with the
one set of conditions presented by Wildhagen et al. (1985) within tﬁe
data ranges they presented. This comparison is limited to the
effective diffusivity variation with interfacial concentration, when

the interfacial concentration is considered as dependent on the resin
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phase compositions. In addition, the regions where the discontinuities
occur was not considered by Wildhagen et al. or any other researcher.
The effect of resin phase loadings on fhe rate of exchange for
the same conditions as Ri is shown in Figures 5 and 6, for sodium and
potassium respectively. The decrease in the selectivity coefficient
for K+-Na+’exchange and the decrease in the diffusivity ratio leads to
the change in exchange rate that Eén be seen in Figures 5 and 6. The
change in rate is similar to, and a direct result of, the change in
the value of Ri' Additionally, the rate experiences a second peak as
the equilibrium conditions for kM-H" exchange are excéede&, but Na'-H'
is not. This significant change in slope is caused by the drastically
lower rate of exchange of Na+-K+ from the exchange of each species
with hydrogen. The ternary nature of the‘exchange causes a shift in
the rates based on the concentrations of all three species present.
Trying to describe thé process in téfms of binary exchange behavior is
misleading. At the point where the equilibrium becomes unfavorable
for K -H' exchange, the presence of a significant portion of sodium on
the resin allows for a finite (positive) rate of exchange between K+
and Na+. The rate of potassium exchange shown in Figure 6 does not
show the second peak for a sodium resin phase loading of 0.4. The
lack of a second peak is caused by a significant portion of the
exchange process occurring between potassium and sodium. The second
near equilibrium resin phase 1oéding does ﬁot occur because of the
high sodium loading. Thus, the positive effect that the Na -K'
exchange has on the rate is ;ontinuous, henée the change in rate

results in a curve with an intermediate peak which is expected from
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the three component nature of the process, except as discussed for

high sodium loadings.
Column Evaluations

Column operation effluent-concentration profiles were
determined for a five and six component MBIE unit. The three cationsr
considered were; Na+, K+ and H+. The three anions considered were;
OH, Cl1 and NOé. The system parameters were determined from
literature values and resin manufacturers information. The column
conditions are similar to those used experimentally by Yoon (1990).
The effect of cation-to-anion resin ratio énd varying feed inlet
concentration ratio was accomplished by modifying the initial
conditions for the bed.

The three cation two anionv(Cl-, OH ) results are shown in
Figure 7 for a cation-to-anion resin ratio of one. The transient bump
noticed in Figure 2 is again observed. The transient nature is due to
a fairly shallow bed (5 cm) at a moderate flow rate (1 ml/sec). The
bulk-film neutralization method deveioped by Haub (1984) can be used
in the case of binary anion excﬁange. The ternary exchange on the
cation resin can not use this method gecause an actual value for the
distance to the reaction plane is necessary to solve the resulting
flux expressions. The static film model does not allow for the
reaction plane location to be explicitly defined. Figure 8 shows a
cation-to-anion resin ratio of 1/1.5 for the same conditions as in
Figure 7. Figures 7 and 8 can be comparéd with Figure 9 where the
cation-to-anion resin ratio was set at 1.5/1. The three figures show

that the cation-to-anion resin ratio can be used to adjust the time to
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a significant breakthrough or to adjust initial resin leakages. The
resin ratio of 1.5/1 results in lower initial leakage of the cations
which is off set by an earlier chloride breakthrough. Depending on
the zone of desired operation, this parameter can be adjusted to
improve both parameters. Figure 10 shows a cation-to-anion resin
ratio of 1/1 for an order of magnitude lower inlet concentration that
Figures 7,8 and 9. The net effect of the lower inlet concentration is
to extended the breakthrough for each species in time. The initial
resin phase leakages are nearly the same because the surface
concentration effects the exchangé process significantly more than the
bulk phase concentrations, ;nd the outlet conditions are equilibrium
values for the resin phase loadings. All of these factors can be
combined with an allowable effluent concentration to determine the
optimum cation-to-anion resin ratio for a given exchange process.

The case of six component uni-valent exchange is shéwn in
Figures 11 through 15, for wvarious cation-to-anion resin
ratios, inlet concentrations and anionic resin types. Figure 11 shows
the effect of a Type I anion exchange resin on the exchange process.
The selectivity coefficient forléliuon‘this type of resin is roughly
16.5. The NOé selectivity coefficient is even greater, roughly 40.
When these are compared with the cation resin selectivities of 2.4 for
K" over H' and 1.5 for Na' o&er H+, a significant change in the
exchange process results. The type I resin results in very low anion
resin leakages because of the extremély high selectivity coefficients
for chloride and nitrate. The transient hump discussed with Figure 2
appears again for both the chloride and sodium concentrations,

although it is significantly more pronounced for chloride. The
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extremely high selectivity coefficients have a side effect on the
calculation procedure, any small error in the concentrations becomes
magnified by these large values. The instability combined with the
relatively long breakthrough times suggested that a Type II anion
exchange resin may be a more interesting case to examine.

Figures 12, 13 and 14 compare Type II anion exchange resins
for the same three cation-to-anion resin ratios used for five
component exchange. Changing the resin ratio results in shifting the
breaktﬁrough curves along the time axis. The same effect on initial
leakages and overall effects as seen in five component exéhange still
exists. The major‘difference is the shape of the chloride peak after
the initial breakthrough. The "shark fin" type shape is caused by the
nearly equal diffusion coefficients of chlor;de and nitrate combined
with a lower selectivity coefficient for this exchange. The shape
arises from the diffusion process becoming mostly a convective driving
force. This corresponds nearly to the case of DA = DB considered in
many binary studies. Figure 15 shows the breakthrough curves for an
order of magnitude inlet concentration. Again, the same type of
observations made for five component exchange apply to this six
component system. One, difference between Figures 12 and 15 is the
height of the chloride peak. This is a direct result of the lower
inlet concentration yielding a lower driving force for the
displacement of chloride by nitrate.

A second effect of changing the cation-to-anion resin ratio is
on the local bulk phase pH. The bulk phase pH deviates from

neutrality as expected due to the differing exchange rates for anions

and cations. The net effect is to gradually increase the bulk phase
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pH as the anion resin capacity is consumed. After the anion resin is
saturated with Cl1  and NOé, the still exchanging cation resin
gradually decreases the bulk phase pH. This pH change improves the
cation exchange rate as long as all of the exiting hydrogen ions are
consumed in the neutralization reaction. As the anion resin becomes
saturated, the decreasg in bulk phaseopH causes an unfavorable effect
on the cation exchange. Foftuﬁately, in mést applications, the
maximum allowable effluent concentration of ionic species would
already have been exceeded and the MBIE unit would have been taken out
of service. The increase in bulk phase pH, while favorable for cation
exchange 1is unfavorable for anion exchange. Thus, an optimum
operating cation-to-anion resin ratio that maintains a near neutral
bulk phase is desirable. The effluent’concentrations in this case

would result in near simultaneous cation and anion breakthrough.
CONCLUSIONS AND -RECOMMENDATIONS

The model can predict multi-component exchange processes in
the film diffusion controlled regime for bulk-phase neutralization and
uni-valent exchange. The qualitative agreemenf between model
predictions and the existing ternérjhexchange data is shown in Figures
1 and 2. The models inability to quantitatively describe the
experimental results of Omatete (1980b) and Dranoff and Lapidus (1961)
could be due to three factors. The concentration ranges under
consideration for the exchange process are nearing the region where
particle diffusion can become important, the model does not account
for particle diffusion limitations. Thg same concentrations that

cause particle diffusion to be a factor also require that the
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non-ideality of the exchange process be accounted for by using
activity coefficients. The inclusion of an activity coefficient model
such as the Extended Debye-Huckle equation should improve the models
qualitative agreement with the experimental data. Yoon's

(1990) observations that the diffusion coefficients that were
necessary to match his experimental data in ultra-low concentration
systems differ by almost an order of magnitude from the literature
values. The determination of mbre appropriate diffusion coefficients
or non-ionic mass transfer coefficieﬁts for low concentration ranges
should imprové the quantitative abilities of the model. Dranoff and
Lapidus’s data also appears to imply that kinetic leakage (or by-pass)
may be importanf,ﬁin most low concentration MBIE units this is not the
case.

The lack of any experimental data for multi-component systems
in the ultra-low concentration ranges eliminates the possibility of
evaluating the models quantitative abilities. The trends that were
observed and the rates calcu}ated’in these low concentration ranges
agree conceptually with what Would,bérexfected. The total lack of
information on the temperature dependence of the selectivity
coefficients limits the model €valuations to 25°C. Ternary
interactions and their cénéequences on the ekchange process, as
described by Kataoka and Yoshida (1980), need to be determined
experimentally.

The model developed here is the only one capable of handling
multi-component uni-valent MBIE in the film diffusion control regime.
Previous models and ternary studies have only considered relatively

high concentrations and no neutralization reactions. The major
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conclusion that can be drawn is that there is a tremendous need for
experimental data in the ultra-low concentration ranges for

multi-component systems in order to evaluate and improve the existing

models.
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CHAPTER IV

MULTI-COMPONENT MIXED-BED ION EXCHANGE MODELING
IN AMINATED WATERS

Abstract

A model for multi-component mixed-bed ion exchange in pH
adjusted water is developed. The model sfecifically a&dresses water
with a weak base added for pH adjusgment. Film diffusion controlled
mass transfer is combined with bulkﬁﬁhase reaction to determine the
effluent-concentration profile of the mixed bed. The cationic resin
is initially in the hydrogen form operating in the hydrogen cycle. As
the exchange process progresses, the hydrogen cycle is replaced by the
amine cycle. Operation past the ammonia break produces a
characteristic of ammonia form operation, sodium throw. The model
predicts the transient sodium outlet concentration surge and switches

automatically to ammonia cycle operation.
Introduction

Nuclear power facilities using pressurized water reactors
(PWR) and some fossil fired power plants operate with a pH adjusted
secondary water cycle. Operating at a pH in excess of 9.0 results in
reduced corrosion rates and longer process equipment lives. A
detailed discussion of motivations and’system parameters can be found

in an earlier article (this dissertation, Chapter 2). Addition of a
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weak base into the secondary cycle water improves process conditions,
but creates problems in the removal of dissolved salts. The dissolved
salts are typically sodium chloride and sodium sulfate, which cause
corrosion problems. The weak base is added mainly to control iron
transport, not to reduce the corrosion properties of sodium and
chloride, however, removal of the diésolvea salts is required in
addition to the pH adjustment. The salt removal is accomplished by
ion exchange.

The ion exchange processes are an intricate part of the overall
water purification system. The exchange can be accomplished by two
different operational schemes. The first is to use a cationic
exchange column followed by an anionic exchange column. Using two
beds in series does not, typically, échieve the purity levels that are
required for power plant waters. The second method uses a mixed-bed
ion exchange (MBIE) ;nif. The mixed bed offers certain properties
that are highly beneficial to water purification. The release of
hydrogen from the cationic resin“ahd hydroxide from'the anionic resin
allow for the water neutralization reaction to aid the exchange
process. Using a MBIE unit coﬁbinediwith pH adjusted water can result
in improved iron transport properties and low levels of dissolved
salts.

There are two possible methods to implement MBIE in
conjunction witﬁ pH adjustment. The first method is to convert the
cationic resin to the weak base form and regenerate the bed as needed.
Operation with an amine form cation resin was addressed in an earlier
article (this dissertation, Chapter 2). The second possible manner

for addressing MBIE in the presence of a weak base is to operate in
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the hydrogen cycle. Hydrogen cycle operation involves using the
cationic resin initially in the hydrogen form. The hydrogen form
resin removes both the sodium contaminant as well as the dissociated
base. The water neutralization reaction, which aids the exchange
process, is detrimental to the overall scheme of operation. The base
neutralized by the water equilibrium and cation fesin must be
replaced. Typically, the ouﬁlet water mﬁst be redosed with additional
amine to achieve the desired 6perating pH. Redosing the water leads
to increased operating expenses due to additional chemicals and man
power. Some of the detrimental aspects of operating in the hydrogen
cycle can be overcome by allowing fhe“unit'£o continue past the amine
break. The amine break occurs when the cationic resin becomes
saturated with the incoming sodium and diésdciated base. Operating
past this point transfers the bed . from the hydrogen cycle to the amine
cycle.r

The amine cycle operationihas been addressed earlier (this
dissertation Chapter 2), and can be incorporated into a model which
describes the system up until the amine break occurs. The methods
developed in an other article (this dissertation, Chapter 3) can be
utilized to describe the exchange process up‘to and past the amine
break.

A model that can address operation in either the gmine form or
the hydrogen cycle with pH control will allow for the improvement of
water purification systems currently in use. Since any given facility
has its own individual characteristiés, a model that can be modified
to reflect the opgratiﬁg conditions will be valuable. This value

should result in improved operation and lower costs.
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Model Development

The model developed in this article is designed to handle MBIE
systems that are using the hydrogen cycle combined with pH control.
The pH control is typically a weak base. The weak bases that are
being used industrially are; ammoﬁia, and morpholine. Each of these
bases has its own influences on the cycle performance. The major
impact of these will be in the selectivity coefficients and the
dissociation constants. Operating with a weak base present in the
water system will require the determination of a multiple reaction
equilibrium. This will be satisfied by uéing bulk-phase
neutralization incorporating the correction of the appropriate bulk

phase concentrations.
Assumptions

The major assumptions involved in developing the model are the
same as those used in earlier work (this dissertation, Chapter 3).
The assumptions are listed in Table I so that they are readily
available. The most important of the assumptions is that the
reactions occur in the bulk phase. Allowing the reactions to take
place within the film surrounding the cationic resin would be a more
accurate representation of the exchange process. Unfortunately, the
information required to account for this can not be obtained for the
systems under consideration. The film neutralization model developed
by Haub (1984) is limited to binary exchange with the water
equilibrium occurring at a reaction plane within the film. This

requires that concentrations be specified at the reaction plane, as
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Table I

Model Assumptions

)

2)

3)

4)

5)

6)

7)

8)

9)

10)
11)
12)
13)

14)

Film diffusion control

Pseudo steady state exchange ( variations of
concentration with space are much more important than
with time)

No coion flux across the particle surface

The Nernst-Planck equation incorporates all interactions
between diffusing species

All univalent exchange

The static film model can'be used to describe the film
adhering to the particle surface

Solid-film interface is maintained at equilibrium

Reactions are instantaneous when compared with the rate
of exchange

Curvature of the film can be neglected

Uniform bulk and resin compositions
Activity coefficients are unity
Plug flow

Isothermal, isobaric,‘operation

Negligible axial Dispersion -

Derived Conditions

No net coion flux within the film

No net current flow
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well as this plane having a known position for multi-component
exchange. Using the static film model does not allow for this point
to be specified. The static film model is not able to yield an actual
value for the film thickness around the resin bead. Even so, the
model is used because the actual film thickness need not be known to
determine the effective diffusivities. Using a different film model
may be appropriate for ion exchange systems, but the flux expressions
will now be based on the finite film thickness that these ofher models
predict. Either approach requires estimated values or assumptions
that reduce the accuracy of the intended method. The advantage of the
static film model is that for uni-valen? bulk-phase neutralization, an
analytical expression for the fiﬁx‘can be found. Tﬁe analytical
expression does not rely on a predicted film thickness that could be
in error by a considerable amount, but does require that reactions be

restricted to the bulk phase.
Flux Expressions

The description of the axchange process is accomplished by
determining the flux of each of the exchanging species within the film
surrounding the resin. Filﬁ diffusion control is assgmed, and the
Nernst-Planck equation is used to express the fluxes. The

Nernst-Planck equation for component i is:

_ . (dc, FC.(dg
Ji =D [dr1+ZiRTl[dr]]

Solving each species flux equation in terms of concentrations allows
for the effective diffusivity to be found. The development of the

binary flux equations for the anionic resin and the amine cycle are
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given in an earlier paper (this dissertation, Chapter 2) and Appendix
A. The ternary uni-valent flux expressions were also derived in an
earlier paper (this diésertation, Chapter 3) and in Appendix B. The
same equations that the previous papers presented can be used in this
model with minor changes. The goal of solving the flux exﬁressions is
to obtain JiS as a‘function of speciesycopceptrations. Aftér the
appropriate expression for the product of the fi}m thickness and the
flux has been found, the static film model can be applied to determine
the effective diffusivities. The. ternary exchange on the cationic
resin requireé thgt twoheffective_diffusivities be determined. The
third componentifractional concentration can be found by applying a
simple materiai balance on the resin and the bulk phase. The binary

effective diffusivity for chloride exchange on the anionic resin is:

D =

B o o C % *
2DD ¢C +C -C -¢C
o C (o] C C (o]
e [ * ]

(Doch) (G - Cc)

The effective diffusivity for species i in the ternary exchange on the

cationic resin is:

1
D . =
el

P ﬁl 1 - (6F ety et /ey
B * (‘ —E *p ) — ]

(C- C) RERCVe
The ternary effective diffusivity Qas determined by using a pseudo
single coion within tﬁé cation film. The usage of a pseudo single
coion was described in this dissertation éhapterx3l' Once Ehe effective

diffusivities have been determined, they can be used in the rate

expressions and the exchange process described.
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Rate Equations

The static film model can be used to determine the rate of
exchange of a given species in terms of an overall mass-transfer
coefficient. Kataoka et al. (1972) found that the two thirds power of
the effective diffusivity correlated very well with the overall mass
transfer coefficient when a packéd beg mass transfer coefficient was
used. The errors involved were on the order of a few percent for
favorable exchange and less than ten percent for unfavorable exchange.
Pan and David (1976) redefined the relation for the overall

mass-transfer coefficient as:

2/3
- | be T
Ry= [D. ] =K /Ky,

1 ‘
where Ki is the packed bed mass transfer coefficient and Ki the

overall mass transfer coefficient.. Recombining the wvalue of Ri with

the static film model gives the rate of exchange as:

i =K

a - a o *

i vi
The rate expressions are derived for multi-species exchange in general
form in Appendix C. The rate of exchange can be used in combination

with the material balance equations to determine the

effluent-concentration profile for the MBIE unit in question.
Material Balances

The material, balance equations for any species i are developed
in Appendix D. A change of variables is necessary so that the
material balances lend themselves to an appropriate method of

solution. The new variables are dimensionless and are represented as
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¢ and 7, and are of the same general form as those proposed by Kataoka
et al. (1976). & is a dimensionless distance variable while r is a
combined distance time variable. The material balance equations for

species 1 in terms of the new variables are:

Jd X,
P i + FC,.

3
jaé

Ji=0
T
X

QO @

v b*'
Ix=6R (X°-X )
T . X X X

These equations can be solved numerically by the method of
characteristiecs. A brief discussién/of the numerical techniques used

for solving these equations is given in Appendix E.
Equilibrium Relations

In addition to the material balancé equations, the complex
equilibria of the bulk phase must also be considered. The two

competing reactions are:

H+ O +—sr H,0

Amine™+ OH™ ———— Amine + H,0
The reactions have been restricted to occur in the bﬁlk phase, so the
two equilibrium equations must be solved at each grid point. They are
solved by accounting for the species released from the resin phases
and then new bulk phase concentrations determined basgd on the
equilibrium equations. This requires -the solution of a non-linear
system of algebraic equations. Newton's method was attempted but was

_unable. to converge to the desired root. Hence, an iterative approach

was the final method of choice. The roots are Bounded since the
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concentrations of any species cannot be negative, so the method was
viable, although a bit slow.

The equations that describe the/exchange process can now be
applied to estimate column»performance.r The model is capable of
handling multi-component uni-valent anion exchange in addition to the
ternary cation exchange. This was demonstrated in an earlier paper
(this disgertation, Chapter 3). -,Unfortunatelyf the second most
iﬁportant‘anion to consider is sulfate.  Since sulfate is di-valent,
an approach different than ;he one used for uni-valent Fxchange is

required. At present, the only methods that-can deal with this

situation are the graphical techniques of Gottlieb (1990).
Discussion

The model developed in tﬁis éhapter considers MBIE in the
hydrogen cycle with fhe presence of g‘pH control agent. The goal of
the model is to describe hydrégeﬁ ;ycle exchange through the amine
break and then be able to describe amine cycle operation. This is
accomplished by. using the flux éxpressions, material balances and
equilibrium relations discussed éarligr. Previous chapters (2 and 3)
have discussed the effect of resin phaée loading on the rate of
exchange and the ratio of‘éLectrolyte to non-electrolyte mass transfer
coefficients. The same effects qoted in those discussions apply to the
model used here bécause the model is based on the relagioqs de&éloped
in those chapters. For a discussion of Ri and the rates of exchange
consult the appropriate chaﬁter.

The model needs to cpnsider very different pH control

additives, ammonia and morpholine. 1In the past, ammonia was used as

'
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the weak base for pH control, and is still used in most PWR’s. The
introduction of Morpholine in Great Britain around 1983 presented a
viable alternative to ammonia with certain improved features. The
distribution coefficient for morpholine results in a higher film pH |
than that for ammonia, which is highly desirable (Sawoghka, 1988).
Morpholine also has a selectivity coefficient less than one for sodium
exchange, which means the regin prefers sodium,/with all things equal.
Morpholine does have some draw(backs, dégradatioﬁ,and a lower
dissociation constént are ‘two of these. Comparing MBIE performance
between these two additives operating in tHé ammonia cycle should

provide some insight into selection criteria.
Ammonia

Since ammonia is the histori¢ai pH additive, its performance
in the hydrogen cycle Qiil be considered first. Figure 1 shows a
typical effluent-concentration profile for a hydrogen cycle MBIE unit
with ammonia present. 6ne feature of concentration pfofiles‘involving
ammonia in the hydrogen cycle is the sodium "blip." The "blip" is a
peak in the effluent concentration of sodium following shortly after
the ammonia break (Emmetg, 1983). This can be seen in Figure 1. The
shape of the sodium curveyagrees with that shown by Emmett (1983).
The slow tale which approaches the inlet concentration agrees
with observations of Sglem\(1969) anddwith the ea;lier model
evaluations in Chaptef 3. The fact that the sodium surge occurs after
the ammonia break, even though ammonium is preferred by the resin, is

related to the significantly higher bulk phase concentration of

ammonium, and the presence of undissociated ammonia. Figure 1 also
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demonstrates that for many cycle choices, thé breakthrough of chloride .
is essentially negligible when compared with that of sodium. Figure 2
shows an exploded view of the sodium blip at an order of magnitude
lower inlet conceptration than in Figure 1. The lower inlet
concentration does correspond to a longer time for sodium
breakthrough, but not an order of magnitude. The earlier than
expected breakthrough is a result of the ammonium acting as an
elluant, much as a carrier does in gas chromatography. The ammonium
is displacihg‘the sodium do@n thé bed. Since the pH is the same inﬁ
this figure as in Figure 1, the ability of .the ammoniqm to displace
the sodium on the resin in less giﬁe was expected. One improvement of
the lower concentration is a lower initial leakage off of the bed and
a significantly iower outlet cpncentrationfv Typically, MBIE uﬁits
experience high inlet concentratioﬁé’énly when a condenser leak
occurs. If the inlet water is fairly‘pure than operétion in the
hydrogen cycle through thé break ma5‘be warranted.

One drawback of operating in the hydrogen cycle 1is that’the
ammonia is removed from the’water and the hydroxidé present is
neutralized to a great extent by thehhydrogen released off of the
cationic resin. The amoun; of hydrogeg released by the sodium
exchange is inconsequentialiwheﬁ @ompared with the amount that is
released due to ammonium exchange. This corresponds to a decrease in
the water pH and ammonia cégcentfatiog at the columﬁ outlet. Figure 3
shows the pH at the outle; of the bed that was considered in Figure 2.
The pH is near neutral a£ the 6ut1e£, and is above neutral due to the

release of hydroxide from the anionic resin and the presence of a

small amount of undissociated ammonia. The pH gradually rises as the
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cationic acidic buffer capacity is consumed, and eventually reaches
the inlet value once equilibrium has been est;blished within the bed.
Until this point is reached, the outlet Qater must be dosed with
additional ammonia in order to maint;ih a secondary cycle pH of 9.6.
The inlet pH in all of the figures is 9.6.

Since the chloride‘breakthrough trails behind the sodium
breakthrough. by a consideréble margin, using a high;r cation-to-anion
resin ratio may result in longer run timgs. Figures 4 ana;5 show runs
with the same conditions as Figure 2 except:for‘the cation-to-anion
resin ratio. Figure 4 uses a ratio éf 1.5/i. The initial leakage
values are consideraﬁiy iower than iﬁyFigure 2 and the time at which
breakthrough occurs is further along. Figgre 5 uses a cation-to-anion
resin ratio of 2/1. Comparison with ngure 2 shows a further
depressed initial leakage andian evén greater time to breakthrough.
One interesting feature of,these curves is the height of the sodium
"blip." As the cation-to-anion résin fatio is increased the transient
sodium peak height also incfeaseé; This is caused by the more
effective removal of sodium at the’higher cation-to-anion resin
ratios. The resin phase loadings of sodium are higher, and therefore
the ammonium has 'a greater amount of sodium to displace. Increasing
the cationﬁto-anion resin ratio leads to e;rlierlleakage for chloride
off of the bed. Even at a rgtio of 2/1, the chloride leakage lags
significantly behind the sé&ium‘ieakage. Cation-to-anion resin ratios
in the neighborhbod‘of 1.5/1 aﬁd;2/1 are typical forjiﬁaustrial units.

The effect of extending the column height is seen in Figure 6.

The height in this Figure is twice that of Figure 2. The time to

breakthrough is increased- for-a column twice as tall, but not quite
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doubled due to the extremely high ammonium concentration pushing the
sodium off of the bed, as witnessed with a higher cation-to-anion
resin ratio. The sodium peak height is also increased due to the same
factors that affected the peak height‘for a larger cation-to-anion
resin ratio.

Considering how well the cycle contends with a simulated
condenser leak is shown in Figure 7. The inlet concentration was
stepped from 1}{10-6 M to 1x’10-5 M for a short time period. The square
wave shape is what causes the two discontinuities present in the
figure. The exaggerated peak height,’followed by a decline to an
outlet concentration higher than the original inlet concentration is
caused by the intermittent leak. The same inlet and bed conditions
are included on the figure for a situation with no condenser leak.

The considerably lower resﬁénse shows how the leak influences the
outlet concentrations. The mixed‘bedtis capable of reducing the
outlet concentrations during a leakage. The beds ability to handle
leaks of this nature when operatiﬁg in the amine cycle is extremely

important.
Morpholine

The effect of using morpholine as a pH control agent on
hydrogen cycle exchange is different than that seen for ammonia. The
selectivity coefficient for morpholinium over hydrogen is slightly less
than one. The exchange can be considered from thé point of view of
switching the values for ammonia and sodium. The selectivities and
diffusion coefficient correspond nearly to those for ammonium-sodium

exchange if the identities of the two species were interchanged. The
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system is more camplicated than that since the concentration of
morpholine is considerably greater than that for sodium within the
bed. The net effect is a lower ellution of sodium off of the bed than
was seen for thé presénce of ammonia.

Figure 8 shows the outlet concentrations for morpholine as the
pH additive for fhe same colﬁmn conditions as in Figure 2. The fact
that the selectiﬁity coefficient for sbdiqm over’morpholinium is greater
than one removes the transient "bﬁmp; fhaﬁ was evident when ammonium
was present. The lower dissociatio; constant for morpholine also
contributes to the’sharpness of the morphoiine break and the initial
leakage. Comparing Figure 2 with Figu;e 8 shows lower initial leakage
for sodium with a slower rise to thé:eﬁuiiibrium value. The behavior
of the outlet sodium concentration &ith the presence of morpholine is’
as expected.

Figure 9 shows the variation in the outlet pH for the same
conditions as Figure 8. The conditions also correspond to those used
for Figures 2 and 3 with ammonia.qeplaced with morpholine. The
initial outlet pH is signifiééntl& 1owef than the inlet pH due to the
water neutralization reaction: éomparing Figure 9 and Figure 3 shows
a higher outlet pH for the presence of morpholine. The higher pH in
the hydrogen cycle is caused by thé higher total morpholine ‘
(undissociated plus dis;ociated) concentration and the below one
selectivity for morphoiiniﬁm over hydrogen. Thése factors combine to
yield a lower rate of h&drogen release that causes a higher outlet pH.
. The higher pH is desiréble since morpholine was added to the water

stream in order to elevate the pH.
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Figures 10 and 11 show the effect of increasing the

cation-to-anion resin ratio for the same inlet conditions as Figure 8.
The initial leakage levels are lower, as expected, since there is a
greater cation exchange capacity. The relétively high ‘selectivity for
chloride over hydroxide causes the chloride breakthrough to lag
significantly behind the sodium breakthrough, as was seen with
émmonia. Th;’neér overlap of the. sodium and chloride outlet
concentrations for a ratio of 2/1 is caused by the increased removal
of sodium due to é’hiéher capacity. The higher capacity equalizes the
tremendous difference in the selectiﬁity coefficients for the cation
and anion resins. The additional effect of a higher selectivity for
sodium over morpholinium thén for sodium over hydrogen also aids the
exchange process. The drawback(of a.higher cation-to-anion resin ratio
is that the removal of morphglinium is also enhanced. The decrease in
outlet morpholinium concentraéioﬁ will require the addition of more
make up morpholine, whichJis an added cost.

Figure 12 shows the éffegt of a square wave inlet
concentration surge with mérpholine. Figure 12 corresponds to the
same conditions as were uséd in Figure 7. The éame type of behavior
seen with ammonium is again seen in Figure 12 when it is compared with
the base 'line leakage. 'The base line leakage is the outlet
concentration profile for no change in inlet concentration. The surge
results in a slight traqsient bump due to the change in inlet
concentration, and the Beds remo§a1 capacity for 1ong term use 1is
reduced. The cycle is able to reduce the impact of the change, as it
was for ammonium, which was the desired result.

The presence of morpholine was evaluated on AMBERSEP 252
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cation exchange resin, since this is the prevalent resin choice.
Considering AMBERSEP 200 which has a significantly higher selectivity
coefficient for sodium over morpholinium should result in even longer
times for breakthrough. Unfortuﬁaﬁely, many power facilities using
amines to control pH can no longef operate in the hydrogen cycle past
the amine break. This is due to the decrease in allowable outlet
concentrations for MBIE uﬁits. The éﬂility of 'the amine cycle to
achieve lower than three ppb outlet conqéntrations while reducing the
amount of redosing required (and theregy the possibility of external
contamination) has lead to using amine cycles instead of the hydrogen

cycle.
Conclusions and Recommendations

The model developed in‘this article addresses an area that has
previously not been considered. WHydrogen cycle exchange past the
amine break requires that the compiéx equilibria be handled and that
ternary exchange be addressed. Previous work (this dissertation,
Chapter 3) developed a model for multi-component uni-valent exchange.
The incorporation of ternary exchange capabilities and amine
equilibrium resulted in a model that can predict MBIE performance for
aminated waters.

The model was evaiuafed for two &ifferent pH control
additives, ammonia and morpholine. Past experieﬁcgs with ammonium
(Emmett, 1983) presented quantitative comparisons for the
outlet-concentration profiles predicted by the model. The transient
sodium "blif“ was predicted and the ability to operate past the

ammonia break demonstrated. The model was evaluated for morpholine,
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exchange with fairly high inlet concentrations (compared to those
observed industrially). The bed consumption of morpholine was quickly
overcome by tﬁe inlet sodium concentration. Industrially, inlet
concentrations could be two orders of magnitude lower than those
considered here. The lower inlet sodium concentration results in much
of the bed capacity being consumed by morpholinium and thereby
reducing the bed% sodium removal effipiency (Darvill, 1986). The
inability of hydrogen form resin to maintain pH and remove sodium has
led to industrial acceptance of amine"cycles. The increased costs
associated with h;drbgen form operation significantl§ restrict its
application.

The model was compared withitﬁe outlet profiles Qescribed in
the literature (Emmett, 1983). The qualitative‘agreement is very
good, much the same as repofted earlier (this dissertation, Chapter
3). The complete lack of experimental data in multi-component
aminated systems restricted the comparisons to a qualitative basis.
There is a tremendous need for experimental data in low conéentration
ranges, for model evaluation and design purposes. Resin manufacturers
only have any of this type of data, and it is proprietary. Additional
factors, such asytemperature and concentration dependence of
selectivity coefficients is necessary to extend the models ability to

accurately describe industrial MBIE units.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

A series of chapters have been presented with each addressing
specific concerns‘in ﬁixed bed ioﬁ exchange (MBIE) modeling. The
chapters were ordered so that each could draw on the developments
presented earlier. The overall étructure waé’to proceed from simpler
to more complex ﬁodel applicatidnsAénd developments. The models
developed deécribed MBIE in the film diffusion controlled,regime for
uni-valent exchange with bulk-phasé reaction. Previous work by Haub
&1984) has been extended to address non-neutral and multi-component
systems.

Chapter 2 presented a model for amine cycle exchange. The
model was able to describedthe‘expefimental‘results presented by Bates
and Johnson (1984), and compared favorably with the AMMLEAK model they
developed. Previous models, with thg exception of Haub (1984),
considered MBIE as a ﬁingle sa1£ femoving process- and used only one
resin phase, or equilibrium calculations to describe the process.

Haub (1984) showed that the MBIE un;t is)not a single salt removing
process and that the\diffusion limited nature of ion exchange must be
accounted for. The amine cycle model ﬁses-film diffusion controlled
exchange accompanied by bulk-phase reaction. The model is the first
to examine amine cycle exchange from a diffusion limited viewpoint.

Two different pH control agents were
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evaluated, ammonia and morpholine. Temperature effects were also
included within the model with the exception of the temperature
dependence of the selectivity coefficients. A comparison of the
results between ammonia andymorphdline shpw, that from andion exchange
view, morpholine is préferable té(ammonia. Longer bed run times and
superior sodium removél were demonstrated by model evaluations of both
systems. The mgjor‘drawbacks to morpholine are; its highvdegradation
rate and its lower dissociation éqnséant, when ;omparéd with ammonia.
Further consideration of two possible resin selections/for morpholine,
AMBERSEP 200 and AMBERSEP 252, were copducted. AMBERSEP‘ZOO has
extremely favorable selectivities and results in significantly
extended run times. Indqstrially, though, AMBERSEP 252 is the
predominant resin. This is because of past experiences with that
resin. The complete lack of expefimentai data on mofpholine systems
allowed only a qualitative eﬁaldagion of the model. There is a need
for accurate experimental data forlﬁorpholine form MBIE operation.

The third chaptér p?esented a model for multi-component MBIE
in uni-valent systems. A pséudo single coion épproach was implemented
to determine the system effective diffusivities and thereby determine
outlet-concentration pfofiles for an ion exchange'column. The
approach leads to a discontinuity.in the area of zero excﬁange rate
that must be avoided by forcing the rate to zero in that area. The
resulting model was compared with the existing experimental data of
Omatete et al. (1980b) and Dranéff and Lapidus (1961). The model
qualitatively predicted the ternary exchange data presented by
Omatete, but was unable to accurately represent the data of Dranoff

and Lapidus. The inability to describe Dranoff and Lapidus's data
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could stem from the shallow bed technique used leading to kinetic
leakage, which the present model cannot describe. The model was then
extended to five and six component uni-valent systems to determine
stability and predict breakthrough curves. The ﬁodel predicts
transient and fuliy develofed\outlet concentration surges and can be
used for qualitative consideration of many multi-component systems.
At present, this is the only model\deéigned\for MBIE evaluation in
multi-component systems. The effiugnt ¢onc¢ﬁtrations for MBIE could
not be compared with ekisting expéfimeqtal data because there are
none. Consideration of operating\£empe£atures other than 25°C were
not done since the'sélectivity coefficients were not available. It is
known that the selectivity coefficients are functions of temperature,
but how the resulting binary cﬁeffiqients relate was not available.
Therefore, model evaluations at oﬁﬁer than 25°C @ould be more
misleading than informative. Thé total lack of experimental data in
multi-componént film d{ffusion cgnéyoiled ion exchange needs to
remedied. Model comparisons with'expe?imental data should yield
specific areas where further work is nécessary.

The fourth chapter developed a model for hydrogen cycle
exchange operating through the a&ine break. This model is an
extension of the one présented in chapter 3 to consider pH adjusted
waters. The model qualitatively\pre&icts the known properties of
ammonia in the hydrogen cycle. Further evalﬁations for morpholine
were conducted, and agaiﬁ from aﬁ ion exchange viewﬁoint, morpholine
performs bettér. The same general conclusions made in Chapter 2 apply
to the systems considered in Cﬁapter 4. The total lack of

experimental data for MBIE at low concentrations excludes the
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possibility of experimental comparisoné. The model is the only one
developed specifically for MBIE in non-neutral syétems.

The point that each of the chapter conclusions stresses is the
total lack of experimental data. A—médel is only useful if it can
predict actual behavior. Without the ability to compare model
predictions with egperimental data the quantitative abilities of the
model cannot be known. Thé models developed in this dissertation
addressed a specific form of ion éxchange that has been well applied
industrially but ‘totally untouched tﬁéoretiéally. Onée the models
quantitative abilities are confifmed, reduced costs in plant
operations and improved,resins wili&result.

There are certain'areas in which improvements need to be made
to the models presented heré. The inclusion of di and tri-valent
species must be the first: Sulfﬁte Es an anionic species that is of
extreme interest to industry: fhe présent model is, unfortunately,
restricted to uni-valent- exchange processes. The témperature
dependent properties of the seléctivity coefficients must be
addressed. Typically industriai scale ion exchange ﬁnits operate in
the 40°C to 60°C range. Incorporating temperature dependent
properties will extend the models flexibility. Kataoka et al (1980)
showed that tern;ry interactions of sglectivity coeffiéients can be
important. Developing a better system than binary selectivity
coefficients will further improve the range of applications of the
present model. Numerically, a method tﬁat uses a variable step size
should be implemented. The reason for this is that the majority of
the exchange process occurs in a thin band within the bed where

unreacted solution contacts unreacted resin. The step size in this
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region should be very small so that the large changes in concentration
within this narrow section can be followed. The multi-component case
would require this to be modified for a series of zones. The exchange
process occurs in four different zomes for the six component case, and
each of these zones needs to be considered.

The models developed in this dissertation represent the first
step towards a general multi-component MBIE model. There is a
definite need for”further model development as Qell as accurate

experimental data for model evaluation.
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APPENDIX A
ANION FLUX EXPRESSIONS

The anion resin flux expressions will be derived in general
form for binary exchange. The equations developed will gpply equally
as well for the\case of multiple homo vélent coions. The necessary
assumptions and conditions will be applied and explained at the
appropriate junctures.

Binary film aiffusion controlled ion exchange was addressed in
detail by Haub (1984) for applicatién in MBIE. The derivations
presented here will follow the same nomenclature and similar logic
structure. Modifications are made as_necessary because of the
different situations to which they apply.

The Nernst-Planck expresgion isﬁused to describe the flux of a
given species within the stati; film that is assumed to surround the
resin bead under consideration.( Assuming that' the curvature of the

film can be neglected, this expression is:

Ji= D3 g_§i+zi§9 [Q?]
ar

Where ¢ is the electrical potential and Zi is the charge on ion i.
This applies for each ion present in the film. Making use of the
pseudo steady state assumption, which says that changes with position

are much more important than changes with time, allows the partial

derivatives to be replaced by ordinary derivatives.
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The flux expressions can be considered from two different view
points. First, that any neutralization or equilibrium reactions will
take place in the bulk phase. This will be referred to as bulk phase
neutralization. " Second, that the reactions take place at a reaction
plane located within the actual film surrounding the anion resin.

This will be referred to as film neutralization. Film neutralization
applies specifically to systems where hydrogen ions are present and

allowed to diffuse into the anion film.
Bulk Neutralization

There are certain conditions that must be satisfied within the

film surrounding the anionic resin. These are:
ZiC.= 0 (electro-neutrality),

J . = 0 (no coion flux into resin),
coions at surface

this yields an expression for the summation of the fluxes within the

film as;
ziJi= 0 (no net current flow),

since the film is assumed to be very thin and curvature can be
neglected then the surface condition can be relaxed to include the

whole film as;

. = (no coion flux).
colons

Rewriting these in terms of a five component system with three cations
and univalent exchange yields:
J +J
n

+J =J +J (no net current flow),
h X c o

J =J_=J =0 (no coion flux),
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Cn+ Ch+ CX= CC+ C0 ( electro-neutrality ).

Applying the no net coion flux expression to the Nernst-Planck
expression for each of the cations yields an expression for the

electrical potential ¢ as:

d¢$ -RT dC -RT dC, -RT dC

dr” FC & F¢, dr' FC art
n h X
Thus a relation between each of the cation concentration gradients is

determined. Differentiating the electro-neutraiity condition with

respect to r yields:

dcr1+cE;h+(-i—cx=§9c+(}Eo
dr dr dr. dr dr ™’
Solving for each of the cation concentration gradients in terms of the

sodium gradient (Cn) and inserting into the above expression yields:

(En+c—:hd—cn+‘gxc—1§n=(-i—c'c+g§o
dr Cn dr Cn dr dr dr

The left hand side can be manipulated to give:

dc dC dC
n(-ﬂn[cn+ch+cx] = d—ic + a]-:o

Qi

But the electro-neutrality condition gives the term in the parenthesis
as the sum of the counter ion concentrations. This fact, combined
with the previous expression for the electrical potential gradient
give a more useful result as:

d¢ -RT( 1 dc_ dc
dr ~ F |C ¥ C dr

= Fle—= a;c+dro] (eq. A-1).
c o

This allows ¢ to be eliminated from the flux expressions for hydroxide

and chloride. The fluxes become:
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J = -D qgo + __90 99 +dc d
o oldr Cc+ C0 dro E;C an

dc ¢ (dc .dc
JC = -Dc[d—rc + C—(FCq[a;O'l'd—‘fC]]

Using the no net current flow copditibn with the no net coion flux:

dcC C dC dcC : dcC C dC dC
DO [a.]:.'o + C—C_{_OE:-;[d—rO+ a—]-:c]] + Dc[d—rc+ Cc_+cc_(;[d—.-1?o+ ac]}= 0

Collecting terms and multiplying thrqugh by C0+ Cc yields:
(2D C +DC+DC) 9, 4 ( 2D C +D C 4D C ) €. _o
oo “oc c ¢’ dr cc oc c¢ o dr

SO:

&° T &c

dc _ -dc_ (2D C_+ D C_ + D C, ( A-2)
D F poc° T D¢ €q. A-2).
[o NN e] O C C C

This allows the hydroxide derivative to be replaced by the chloride

derivative in the flux expressions. Also, the following result can be

obtained:
dlmc+pcycc)| =0
dr oo cc’t o ¢ )
Therefore the term enclosed in the parenthesis is a constant. This
determines a relationship between the bulk phase concentrations and
the film concentrations of the form:
DC+DC Y(C+C)=(DCH+DCH(C+C’) = RHS
( DC,*+ D.Cy o ¢’ oo “cc o ¢’ ’
where the superscript, o, denotes the bulk phase, this is eq. A-3.
The quantity on the right hand side will be abbreviated as RHS for
convenience. This can be expanded and the resulting expression solved

using the quadratic formula to determine the relationship between

hydroxide and chloride concentration.

D Cz+ (DC+D C ) C + (D C2- RHS) =0
oo oc cc’ o cc
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Thus :

) 2 2 2 1/2
. C,(D+D_) + (C_(D_+D_)“- 4D _(D_C; - RHS))

o 2D
o

The positive square root is used since the concentration of a species
can never be less than zero. Substituting the previous expressions

into the Nernst-Planck equation for chloride yields:

7 = -p |9, 4+ S| 1. |2, D C+DC dc
¢ cldr C+C : ¢ °ro°ce MK
c o )

where Co is given in the preceding equation. The right hand side of
the chloride flux expression can be rearranged into a much more

convenient form by replacing Co and cénceling like factors.

2 C
JC= -DC ggc[ 1+ Do-(-;-c - Do-c-;-cgo - Dagcgc ]
(C+CHY(2DC+DC+DC)
c o oo oc cc

Putting the entire expression over a common denominator:

dC 2D C2 +4D CC + 2D C2
JC = -Dc a;c Om=C =mmemme 0= 0~C 0—0—-| .
(C+C)H)2DC+DC+DC)
c o’”*""o 0o oc cc
This reduces to:
B dc 9D (C + C )
Jc = DC drc[ 0=—0 c ] (eq. A-4),

2DC+DC+DC
oo oc ‘cec

Now C0 can be replaced an& the final expression simplified. Expanding

the right hand side:

2 2 2 1/2
2D C [ngcggct—yo) + C.DFD) - 4DO$RCQC_;_E§§22__ +C ]
c o : Zg . ' c
- . } /2
2D [ -ECSPCi;BO) +(gc$9c+ Dog 4Do$20§c———52§li— ]+D C +D C
o 2D0 oc cc
-DDC -DZC + D (CZ(D +D )2-4D (D C2 - RHS))l/2 + 2D D C
coc cec ctcie o cc coc

o o

D G -D C +(C2(D +D )2-4D (D C
O C Cc C c ¢C o (o]

~rasHY2 +pc +Dc
C O C CcC C
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D C (D -Dc)

D+ [__________ _
c 2 2 1/2]
(C(D_+D)" - 4D_(D_C. - RHS))

D +

D_C (D -D_)
" C )

( gi(oo-nc)z + 4D_RHS )

This result is significantly simpler than the preceding expression.
Now this can be placed in the flux expression for chloride. The flux
expression can be separated and integrated once the pseudo-steady

state assumption is applied. This results in:

§£c=0 or J éconstant.
dr c. .
This allows for the flux expression to be separated and integrated

with the boundary conditions:

With the aid of a change of variable, the right hand side of the flux
expression can be converted to (after separation):

u = CC(DO- DC)

This has an analytical solution of the form:

C
_ D 2 2 1/2
-ch = [ -(—D—(-:-:C-D—)—( CC(DO_DC) + lI-DoRHS ) + DCCC] ]

o C

0O %0 o

Applying the limits of integration and simplifying the resulting

expression yields:
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-] §= o C
(&

2D D [

o o % %
CO+CC-CO-Cc (eq. A-5).
(D -D)

This was the expected result analogous to the that derived by Haub

(1984). The static film model can now be used in conjunction with the

above result to predict the particle rate.
Film Neutralization

This is employed due to the differing mobilities of the
hydrogen and hydroxide ions. When there is a surplus of one
component in the bulk phase, fhe reaction front, which was originally
assumed to be at the film-bulk interface, will shift into the film
surrounding the appropriaté resin. ‘This is limited to the binary
exchanges where the cation resin is in the hydrogen form. The
approach applies specifically to binary exchange at near neutral pH.
The derivation was carried out in depth by Haub (1984) and since the
preceding derivation resulted in the egpected form, the derivation of
the film neutralization model will highlight the earlier derivation.

The film is broken down into two distinct regions, counter ion
diffusion and coion diffusion. These are separated by the location of
the reaction plaﬁe; 8r. The location of the reaction plane within the
film is found by equating.the non-reacting counter ién flux at the
reaction plane. In the case of hydrogeﬁ and hydroxide, the
concentrations at the reaction plane are fixed by the dissociation
constant of water. This coupled withAthe flux expressions allows for
the location of the reaction plane to be determined.

The two zones under consideration have different conditions

that must be satisfied within the film. The counter ion diffusion
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region is located between the resin surface and the reaction plane,
5r’ the conditions that must be satisfied are the same as for
bulk-phase neutralization with the oucér limit of the film being 5r
instead of §. The hydrogen flux in this region can still be accounted
for, so the flux will not be set equal to zero.

The coion diffusion région lies between the reaction plane and
the film-bulk interface. The conditions that must be satisfied in
this region relate the flux of the hydrogen coion and the chloride
ion. This resulés in an expression betweeﬁ the concentration
gradients of the diffﬁsing species as:

2 2

dc ,2DCKW + 2DCCCQh - Dcch + Dh Ch

cC
c

—-C=
dCh

2DhKw + Dh +DCCCC

h h

the resulting flux expression for the chloride ion is:

2DD (.CC, +K )
d C, [ c’h c’h W ] ( eq. A-6)

2Dth + DthCh + DCCCCh
The hydrogen ion concentration at the reaction plane is fixed due to
the water equilibrium. Pseudo steady state exchange gives the
chloride flux as a constant so eq. A-6 caﬁ be numerically integrated.
Since the chloride flux must be equaluécross the reaction plane, the
zone between the resin and the reactioﬁ plane can be combined with the
chloride flux expression.

The result is an expression for the relative position of the

reaction plane within the film as:

o r o o
2D D C_ (C /C_ + C_/C, - ¥)

0 o0 K

r r o]
-I(D_-D_) + 2D _D_C_(C_/C_ + C_/C_ -Y)

where I is the numerical result of the integration of the chloride
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flux expression, and Y is the result of the resin to bulk
concentration relation using the selectivity coefficients. The above
equations must be solved numerically for each evaluation of the rate

of exchange. The resulting expression for the effective diffusivity
is:
I
be ” (1-h) (¢°) (1-¢~ /¢° fed- A7
i c/ c/ ¢’

The relationship between the coion and counter ion
concentration gradieﬁté is solved using Simpson’s rule and then an
interpolation routine is called’to determine intermediate values for
the solution of the flux equatioms. This results in the determination
of the effective diffusivity based on a linear driving force. These
results will be coupled with the particle rates and column material
balances to determine column performance.

This approach is limited to binary exchange because of the
inability of the static film model to give an actual value for the
film thickness. The method also reqﬁires that the concentrations of
the reacting species be specified at the reaction plane. Thus, an

additional reactant cannot be accounted for in this case.



APPENDIX B

TERNARY EXCHANGE EQUATIONS

The equations andyrelations needed to define the case of
ternary exchange with bulk phase neutralization will be developed.
The major considerations are to obtain an expression for the interface
concentrations in terms of bulk phase concentrations and to determine
the appropriate flux expression, which will bé used to obtain the
effective diffusivity.

The development will folloﬁ similar to that already conducted
for binary exchange but will be extended to three components. The
conditions that must be satisfied within the thin static film

surrounding the particle are:

C +C_+C
n X

h =ﬁC07+ CC (electro-neutrality),

J +J +J =J +J (no net current flow), and
n X h o c

J=J =0 (no coion flux).

The no coion flux arises form the surface condition of no electrolyte
sorption being relaxed between the surface and the reaction plane.
The reaction plane is assumed to be the bulk-film interface since
bulk-phase neutralizétion is the only case that can be addressed.
These relations apply only within the film around the exchange
particle. The Nernst-Plank expression is used to describe the fluxes

of the species through the film. The electrical potential, ¢ can be
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eliminated by using the no coion flux relation:

a—é:&'_ra__c(::R_Ta_co and Q.—Co—cac
gr FCar FCJrx 8 r Cor

Using this and differentiating the charge balance condition with

respect to r yields:

9 ¢ RT 1 8 C 8C_3C
ir F'[cn ¥+ ch] [a rn+a_—rx+a—rh] - (eq. B-D).

This allows the electrical potential to be eliminated by the
concentratign gradients of the cations and'the sum of their
concentratiéns. The péeudo steady state assumption allows for the
formality of the partial derivatives to be dropped, since they become
ordinary derivatives under that condition. Making use of pseudo

steady state and the no net current flow coupled with no coion flux

yields:
dcC C . dc C
D ¥ Dn[C TCUTC ] VC; * Dgpht Dy [c TG ] Ve
n X h ‘ n x h

dc C

+ DX s DX[E—IEx:zr] VCi =0,
n h x

where the subscript i denotes all of the cations. Expanding this and

collecting derivatives yields:

dc

e (2 Dncn+ DnCh+ Dnck+ DhCh + Dxcx ) +
40, (20,6 +DC +DC_+DC_ +DC )+
dr h™h h™n h'x nn X X
‘lgx(znc +DC +DC +DC +DC)=0
dr X X X h X n h™h nn
Letting o= Dh/Dnand ax=Dx/Dnand rearranging the above expression the

following is obtained:

d L
= [ ( Ch + Cn + Cx ) ( ahCh + Cn + axCX ) ] =0
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This says that in the film surrounding the resin that the quantity
contained within the brackets is a constant. Solving this elementary

differential equation with the boundary conditions:

o .
Ch = Ch @Qr = ro+ ) Ch = Ch @ ro< r < r°+ 5 ,
C =C @Qr=r1r+6 C =C @ r<r<r+56,
n n o n n o o]
C =C° @Qr=r+6 C,-C,_ @ r<r<r+s

X P o P X
The relationship between the film concentrations and the bulk phase is

given by:

[o] [o]
(Ch+ Cn+ Cx)(ahch +Cn+aXCx),

o o o, . o
+Cn+axCX) =(Ch+ Cn+' CX) (ahCh

This is equation B-2. The previous expression that was solved for the

film concentration relation can-also be used to eliminate one of the

concentration gradients from the flux expressions. This is of the

form:

ac, -1 4ac. ac. )

a;h = 1 [ B oo + C X ] (eq. B-3),
where:

A = ZahCh + ahCn + ath + Cn + axCx ,

(v~]
I

2C +C_ +C +aC +a C , and
n X X X

h h™h

(@]
I

ZaXCX + aXCh + aXCn + ahCh + Cn R

The pseudo steady state assumption also gives that the fluxes are
constants within the film, so with this substitution the three
component flux expressions are simplified. Unfortunately, there is no
relation between the sodium and x concentration gradients so they can

not be solved directly in this form. If the film thickness were

known, then a trial and error approach could be used to obtain the
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concentration gradients. The draw back of the static film model is
that it does not allow for the film thickness to be found expressly.

A slightly different approach can be used, based on a
fractional concentration within the film and a pseudo single coion.
This approach will be used in order to obtgin an expression for the
effective diffusivity of each species within the film; The binary
case for film diffusion control and bulk phase neutralization has been
addressed earlier, some of those results will be used here.

The approach is to apply thé‘continuity equation to the film
surrounding the regin. It must be safisfied within this region and
some of the films propertiesrallow for an improved expres;ion for the
effective diffusivity within the film. This approach is similar to
the one recommended by Wildhagen, et. él. (1985). The concept of a
pseudo single coion applies for exchange where the coions are
homo-valent, ie. they all have the same valence. The restriction also
extends to incorporate the counter ions of interest, they must also be
a homo-valent matrix. The case of non-uniform valence will have to be
addressed in some other manner, such as gy a series of binary pairs.

The pseudo coion has properties similar to those of the
original system of coions. This component is defined as:

CP =,Cc + C0 (eq. B-4).

This development applies regardless of the number of coions involved
as long as they are homo-valent, so this expression could be
generalized as the sum over all coions. After applying the

Nernst-Plank equation for each of the coins:
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and,

These equations can be replaced by the ‘pseudo component equation:

, de . FCP .
Jp=O=DP[K-‘ﬁ V¢] (eq. B-5).

This can be seen to be the Nernst-Plank expression for the pseudo
component p. Thus, the‘properties of the actual system are retained
through the introduction of this new component./ The charge balance
and the no net current flow terms still apply as:

C +C +C =G , and,
n b:4

h P

Jn + Jh + JX =J

The continuity equation within the film can be written as:

g—ii +UC, +V-J. =0,
where the reactions that take place are restricted to the bulk phase,
due to the bulk phase neutralization assumption. This can be
simplified by the application of a few of the earlier assumptions.

The accumulation within the filﬁ'can be neglected since pseudo steady
state has been assumed. The convective term can be neglected due to
the assumptién that there is a stagnant film surrounding fhe particle.
This resulgs in the previously applied assumption that the fluxes are

constant due to the pseudo steady state assumption:

J.
i
r

= 0.

Q-le-

Applying the continuity equation to each of the counter ions and the

pseudo coion and adding the following relation results:
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2 2 2 2
—gn + —(2:h + d—gx + d—gp + g_T [ v -[(C +Ch+C -C )3—"5]] = 0.
dr dr dr dr n P t

The term in the parentheses is another way of expressing the charge
balance equation, so it is equal to zero.
This results in the equation:

2 2

d d‘c
—Z[Cn+ch+cx]+-—2-=0.
dr )

dr

This can be simplified from the charge balance condition to:

This simplified expression can be integrated to give the concentration

profile of the pseudo component within the film:
—’p = K1 , and, Cp =Kl r + K2 (eq. B-6).

This is a linear profile for the coion concentration within the film.
The constants of integration caﬁ‘be evaluated by applying the boundary
conditions at the film-bulk interface and at the resin surface:

) . o
C =¢C r=20 and, cC =¢C r=295.
P P € . P P ¢

This results in the following expression for C

P -k
C = —“——=1+ CP (eq. B-7).

Thus, the pseudo coion is defined at any point within the film
surrounding the particle. This result can now be used to obtain the
flux of counter ion i within the film.

The electrical potential term is eliminated by using the no

coion flux condition as:
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The derivative of Cp with respect to r is given by the linear relation
within the film as K1. Rewriting the flux expression for component i.

d C.
Ji = Di[ a it K1l Ci/Cp ]
Defining a new variable:
Yi = Ci/cp (eq. B-8).

Substituting ‘this into the flux expression yields:

dy. ' » 4
J. = Di [ Cp it 2 Kl Yi ] (eq. B-9).

{

Ji is a constant as shown by the earlier applied continuity equation.
Thus, the previous expression can be separated and integrated to

obtain an expression for the flux.
. -
J./D., + 2 KLY, =-C_ —i.
i771 i pdr
Substituting the known value for Cp:
-dr / (K1 r + K2) = in / (Ji/Di + 2 K1 Yi)'

This can readily be integrated within the limits given by the boundary

conditions:

5 Y
l -dr / (K1 r + K2) = I . ar, / (J/D; + 2 KLY ,

*
Y.
1
or: P
/
/
/ YO
) i
- 2‘1n ( Kl r + K2 )]O = 1n ( Ji/Di + 2 K1 Yi )]Y* .
i

Evaluating within the limits and exponentiating both sides yields:

[e]

2 J./D. + 2 K1 Y,
1 1

% P

[ Kl § + KZ]

k2 J.D, +2KLY
1 1

=
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The squared expression can be simplified to:

(ere)"

Therefore:

‘ N2 | I
JJD[[ ]-il]=2Kl[[—E]Y.-Y.}
i1 * i i
C
p
This leads directly to an expression for the flux of species i as:

| [ (¢ /c )2 e - Yf]
"J. =2D, Kl H
1 1 -1

/Cp

C)lc‘)
T %O o

*

Simplifying this expression and substituting for Kl:

o o *2
(C_- C) (¢ ; - © Yi )
J. = 2D, =B P P ] (eq. B-10).
' . § (C°+ C)(c2- ¢

P P P P
This yields the desired expression for the flux times the film

thickness:

Remembering the original definition of Yi and converting to fractional

concentrations:

- (/00 (C1/Ch)

)

(eq. B-11).

g oK %

(1 + CP/C

The flux expression for any counter ion i is specified by the
previous expression.' This expression can be used in conjunction with
the static film model rate expression to determine the effective

diffusivity for the exchange process.



APPENDIX C
PARTICLE RATES

The flux expressions derived in the p;evious Appendixes were
developed so that the particle rates could be determined. The rate of
change of the resin phase compositions réquire that a model for the
liquid film surrounding the resin bé specified. The static film model
will be used in preference to other available models due to its
simplicity and less than a few perceﬁt deviation from the other film
models (Kataoka et. al. 1976).

The static film model. results in an expression of the form:

3 <C.> ' ‘o *
"3i-it = K a (G -G (eq. C-1).

The driving force for exchange is of a simple linear nature. The
non-linearity of the exchange process is introduced in the
’

determination of the mass transfer coefficient Ki' This coefficient

is defined as:

o
i =Dy /6

K
The reason that Dei is used instead of the typical De is that for
multi-component exchange the value for the effective diffusivity is

species dependent. The rate of exchange is related to the flux of the

species by:

' -’y =23 -2
13 (G -G ) =-J; a  (eq. C-2).

150



151

This demonstrates why the flux expressions are so important in
determining the rate of exchange. A more convenient form of the resin
phase concentration <Ci> is:
<C.> =y.
=V Q
where Q is the capacity of the particular resin of interest and Y is

the fraction of the resin in that form. This gives an expression for

the rate of exchange as:

’

d y. _ K. o K _ - -
i = Ql‘as ( Ci Ci)‘— Q; a, | (eq. C-3).

Substituting for the flux from previoﬁs developments and the effective
diffusivity from the definition of Ki allows for Dei to be found.

This expression is:

o %
Dei = - Ji § /( Ci i Ci ) (eq. C-4).
This expression can be combined with the relation for Ri as defined by

Pan and David (1978):

D s 2/3
Ri = [ B;— ] = Ki / Ki (eq. C-5).
The right hand portion of eq. C-5 has been shown to correlate well by
Kataoka et al. (1973). This allows the non-ionic maés\trﬁpsfér
coefficient in the packed bed to be used in the rate expfession. The
correlations of Carberry (;960) or Kataoka (1973) can be used to
determine the non-ionic mass transfer coefficients based on the
particle Reynolds numbe£ and the species Schmidt number. The final

rate expression is:

6_}’. _ r’?i— ° - * -
P Ki Ri Qs ( Ci Ci ) (eq. C-6),

where Ki is the non-ionic mass transfer coefficient for species i.
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Now the concept of the selectivity coefficient can be
introduced to provide a relation between the resin phase fraction and
the interfacial concentration. The selectivity coefficient is a
constant for a given resin that relafes tﬁe equilibrium concentrations

of two exchanging species. It.is defined as:

Ky = (Cp G/ (C Gy,

where the bar depotes.resin phase conceﬁtration. The selectivity
coefficient can be concentration dependent but expressions for this
dependence are not available. Théfassumption applied here is that the
coefficient is constant and that the binary selectivities can be used
to describe ternary exchange. The previoﬁs expressién can be

rewritten in terms of the resin phase fractions as:

A * *
KB=(yBCA)4/(yACB)

since the resin phase is assumed to be in equilibrium with the
concentrations at the particle‘surfgée. The sum of the fractions of
all species on the resin ﬁus£ be one, so there are n-1 independent
expressions that can be derived from the selectivity coefficients. If
the previously derived expressions relating film and bulk phase
concentrations are combined wifh this definition of the selectivity
coefficient, a relationship between the resin phase and the bulk phase
concentrations can be found.‘)The,fractions of species on the resin
for ternary cation exchange is given by:

}’X+}’h+}'n=1.
or;

yh‘=‘1-y -y

X n

Thus there are only two unknowns and the hydrogen fraction can be



153

eliminated as its concentration was previously. The film
concentration relation can be applied to determine the interfacial

concentrations:
C* + C* + C* D~C* + D C* D C*
h n x h~h <x T %% ) T

¢ +c®+c’ D.CC +DC 4 Dc’ | =RHS
h n X h h nn XX - \

e
~

The selectivities can be used to eliminate Ch

o . *
and CX leaving only Cn
* ‘
in the equation. Solving for Cn yields:

| 1/2
[( 1- ahKTr:) yn+ (aXK];- ahKE) yx+ahK;1]

Reapplying the definition of the selectivity coefficient allows for

all of the interfacial concentrations to be defined as:
=gt P
X n X (yX / Yy

¢ = ¢ K (1-y_-y,)/y

h n n’'x""“’n
The same expression can be obtained for binary exchange, in a slightly
simpler mode. This relation allows for the resin phase and the bulk
phase to be related. This will be paramount in the determination of
MBIE pe;formance. |

The above expregsions can now be used with the particle rates

to describe the exchange process. This relationship is extremely
valuable when coupled with the soon to be presented material balance

frame work. The combination of these, with the expressions for the
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effective diffusivities derived-earlier, determine the exchange

characteristics of any given particle.



APPENDIX D
COLUMN MATERIAL BALANCES

- The simulation of an ion exchange packed bed requires the
implementation of column materialvbalances to determine the effluent
concentration history. These materiél baiances w%ll use the
previously derived rate expressions and the effective diffusivities to
predict outlet concentrations. The overall material balance for

species i is given by:.

n + 50 + =---= z--n =0 (eq. D-1),

whefe:
u, = superficial velocity, and
€ = void fraction.
This is not in the most useful form, so some change of variables are
in order. bimensionless time and distance will be implemented to

simplify the above equation. These are defined as:

f

i CT € 2z
r=ge (00D (eq. D-2),
P s
and,
K. (1l-¢)

i Z

E="{1 ----- a- (eq D'3)
5 P

Ki is the non-ionic mass transfer coefficient for species i, dp is the

particle diameter, Q is the resin capacity and Ci is the total

155



156

cationic feed concentration. Transforming the material balance
equation requires that the intermediate derivatives be determined.

These are:

£ £
g r i g r _ %07
gt dp Q 3 z dQ u
8¢ _ o ama 06 1 (9
Jd t Jd z u d
N ’ Sp

So now the original derivatives can be expressed in terms of the new

variables as:

K Cf
RO R I ) Cl - Ry R
Jdt T J t Jd & J t dp Q ar g &’
K, (1-¢) k., ¢t
20 - 8S(28) ~ 2l - T I T e,
4 z 3 £€710 z d |0 z u d a ¢ dp u Q ar

| £
I K. C
9.q. _8.4q.[0r) . 3gq.[a¢ i°Taq, 3_g.
Tt T3 rl[a t] T3 gl[a t L+0 57t

Replacing these into the material balance yields:

f

c ‘
a G, T 4 q. . _
a—gl + T 3 Tl =0 , (eq D-4).

This is a significantly easier to handle equation. Transforming the

dependent variables into a more useful form:

c } ,
Xi—‘ci'/CT’,and qi—Q}’i,

yields an expression for the material balance of the form:

d x. ,0y. }
a—z + 6——1_ =0 (eq.D 5).

The new variables are dependent upon which species is chosen as the

basis since all of the material balances need to be solved using the
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same steps in r and £. Implementation of the mixed bed is achieved by
modifying the resin phase portion of the material balance to reflect
the fractions of the resin that are cationic and anionic. This is
done through the introduction of the constants FCR and FCA which must
be specified for any given column. The case of ternary cation
exchange and binary anion\exchange will be developed with the basis
for the dimensionless vari;bles on the third cation species x and the

cation resin. This gives expressions for r and £ as:

K Cf
x T € Z
T =7T_ = t - —— , and
x d__Q [ u ]
pc ‘c s
foe - Kx(l-e) ] ,
S Sx u_ d ’
pc

where the additional subscript c denotes the cation resin. This
requires that the material balance for each species be written. These

are:

and

a a éx a ¢ ' KC dpc a §X
' K d Q
8y, _8y |8, % pa ady,
ar ar ar K d Q dr
c. pc ¢ - X

Replacing into the general material balance equation and introducing
the cation (FCR) and anion (FCA) resin volume fractions within the

bed:
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3 x_ 8y, '
55t FCR z=2x = 0 (eq. D-6),
X X
9 % +rer &In -0 (eq. D-7),
Jd ¢ ar L
X X
3 x 8y : ‘
3 gC + FCA 5—1_'0 =0 (eq. D-8).

The rate equatiops that were developed earlier need tobe‘modified to
incorporate the dimensionless variables that haﬁg been introduced.
This involves cﬁgnging from t to T, as the basis for the equations.
The same principles apply as were used to modify the material balance
equations. Ternary c;tion exchange ', witﬁ binary anion exchange,
yields two equations for the cation resin phase rates and one for the

anion resin phase as:

*
9 Li =K (--]3(31)2/3 5-9; [ 1 - E:1 ]
J t i Di Q c°
B i
Changing from t to 7 yields:
[¢] '4*
5y 44
a——rl = dp as Ri [E'f' - C-f] (eq- D"9);
T T

where Riis equal-to the two thirds power of the diffusivity ratio. It

is useful to -note that the product dpas is equal to six, so:

1

g—Zi=6R’.[

(@] (@}
l—]"hli—‘o
1
OIO
Al e %
| S

Changing to the same basis for r or T yields three rate equations

(assume: cations = n,h and x; anions = :c and o):
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ay_ o*(
FX = 6 Rx ( X, - X ) (eq. D-10),
X
d K o %
50 = -n 6 Rn ( X - X ) (eq. D-11), and
X K
. X
K d
*
g Jo - S PC © ( x° - x ) (eq. D-12)
T c c
x K d_Q
X pa ‘a

This represents the rate equations, that describe the exchange process.
These coubled)with the previously7derived‘material balance equations
need to be solved simultaneously to determiﬁe the effluent
concentration histbry: The six’ component system is an extension of
the previous equations to incorpora£e a third anionic species.
Fortunately, solution methods for these types of systems are fairly
well documented. They can be solved by the method of characteristics.

The general approach is described briefly in Appendix E.



APPENDIX E
NUMERICAL TECHNIQUES

The material balance gquations presented in Appendix D are a
system of partial differential equations that need to be solved in
order to determine the effluent concentration history for the MBIE
column. The equations have been transformed to be of the form:

4y
ar R

X _
a ¢
Where R is the rate equation and the dependent variables are vectors.
This system can be readily addressed.by the method of characteristics.
This method involves the solution of the system by evaluating it along
curves of constant 7 and £. The evaluation along these lines reduces
the system of partial differential equations to a system of ordinary
differential equations where, the other independent variable is held
constant. The method defines a grid structure for the calculation
procedure. Solving these equations requires a technique for systems
of differential equations.

There are a large number of methods that can be employed to
solve systems of differential equations. In previous work, Omatete
(1980b) compared three different single step methods;
Runga-Kutta-Fehlberg, explicit Euler and modified Euler. All three

methods converged to the same solution but the modified Euler method

was the fastest of the three. Dranoff and Lapidus (1961) employed
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Milne’s method to solve the material balance equations. They found
that towards the end of the exchange process, the instability that can’
be present in Milne’s method occurréd. The MBIE modeling efforts of
Haub and Foutch (1986a,b) employed the modified euler method iﬁ ¢ and
the explicit Eulef method in ;."Thisymethgd has been improved upon by
using an implicit metﬂod that does not suffer from the same
instabilities that Milne's method does. The increasea accuracy and
proven stabilit?yof thg Adams-Bashforth;Moﬁltontimplicit’method led to
its adoption for the solution of t£e4material’balance\equations in €
and_ the explicit”Adams-Béshforth method iﬁ~;. “
Adams-Bashforth (fourth ordéf) method employs a Néwton-Gregoryr
interpolating polynomial applied to‘the previous four points, which is
then integrated. This extends the fu;ctions influence from just the
previous step, as in Euler, to the previous four steps. The resulting

formula for the calculation of the next variable value is:

h (- ,
You1 = Yt [ 55 £ - 59 £ . +37Tf , -9 fn_3‘]

This is used as the predictor equation in the Adams-Bashforth-Moulton
method. The corrector, or fourth order Adams-Moulton equation,

introduces the implicit portion of the method as:.

Vel ~In ¥ -%Z [ 9 fn+l * 19 fp -3 fn-]_\+ fn-2 ]
These equations are both employéd when ‘using the implicit method, and
only the predictgr is used for the\explicit mthod. The value of fn+l
in the corrector equation is evaluated with the value obtained for
Yo+l from‘the predictor equation. This method can be applied as many

times as is necessary to achieve the desired accuracy.

The error in emplqying\the explicit Euler’s method is on the
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order of the step size (global). The modified (or implicit) Euler’s
method has a global error on the order of the step size squared.
Runga-Kutta-Fehlberg has a global error on the order of the step size
to the fifth power. The Adams-Bashforth explicit method is order step
size to the third and the implicit Adams-Bashfo;éh—Moulton is on the
order of the step size to the fourth. Table I summarizes the global
error that each of these methods causes plus tﬁe number of function
evaluations required per step. The Rgﬁga-Kutta-FehlBerg requires six
function evaluations per step, this emphasizes the trade off between
accuracy and speed. The Adams-Bashforth-Moulton (ABM) method requires
only tw5 evaluations per step once the initial four steps have been
completed and is considergbly more accurate than Euler’s method.

Since the implicit ABM method requirés the previous four points, a
modified Euler’'s method is employed to determine the first four

function values in € and explicit Euler in 7.



Table I

Comparison of Numerical Techniques

Local Error

Technique Function Global Error
Evaluations
Per Step
. 2 ,
Euler 1 0 (h") 0 (h)
Modied ) 3 ) 2
2 0-(h7) 0 (h7)
Euler n
Runga-
Kutta- 6 6 0% 6 (h°)
Fehlberg
Adams-
1 6 6 (0%
Bashforth
< 2 4
ABM 2 6 (%) 6 %
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APPENDIX F
MODEL PARAMETER VALUES.

The actual nuﬁeric value used in the different model
evaluations are summarized here. -The parameters used th;t were not
included within the individual chapters are;‘pafticle diameters, void
fraction, volumetric flow rate, column diamé£er, column height, and
resin capacities; |

The values used for the variables in Chapter II are:

Cation Particle Diameter: 0.0825 cm ,
Anion Partiqle Diameter: 0.06 cm ,
- Void Fraction: 0.35 ,
Volumetric Flow Rate: 50.0 ml/s ,
Column Diameter: 5.0 cm ,
Columh'Height: 100.0 cm
Cation Resin Capacity: 2.1 meq/ml ,
Anion Resin Capacity: 1.4 meq/ml
These values were used to evaluate ammonia cycle and morpholine cycle
exchange. |

The values used for Chapter III varry because of the

comparisons with experimentalldata. The values‘usea to compare with

Omatete et al. are:
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Cation Particle Diameter: 0.071 cm ,
Void Fraction: 0.40 ,
Volumetric Flow Rate: 0.5 ml/s ,
Column Diameter: 2.5 cm ,
Column Height: 55.0 cm ,
Cation Resin Capacity: 1.94 meq/ml
The values used to compare with Dranoff and Lapidus are:
Cation Particle Diameter: 0.0225 cm ,
Void Fraction: 0.42 ,
Volumetric Flow Rate: 1.24 mi/s ,
Column Diameter: 1.5 cm ,
Column Height: 2.5 cm ,
Cation Resin Capacity: 1.94 meq/ml
The values used in the Five and Six component calculations are:
Cation Particle Diameter: 0.0825 cm ,
Anion Particle Diameter: 0.06 cm ,
Void Fraction: 0.42 ,
Volumetric Flow Rate: 1.0 ml/s ,
Column Diameter: 2.54 cm ,
Column Height: 5.0 cm ,
Cation Resin Capacity: 1.94 Eggégl ,
Anion Resin Capacity: 1.4 meq/ml
Values used for the model evaluations in Chapter IV are the
same as those used for the five and six component model except for

using a column height of 10.0 cm.



APPENDIX G

COMPUTER SOURCE CODE LISTING FOR CHAPTER III
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This program was developed to model multi-component mixed
bed ion exchange with two anions and three cations. The model
can be readily modified for amine cycle exchange or hydrogen

cycle

exchange past the amine break.

The variables used within the code are defined as follows

Print Control (1=Print, O=No Print)

KPBK

KPPR

When KPBK=1 and Time=0, effluent breakthrough is
printed at different time.

When KPPR=1, the concentration profiles for all ionic

species in the column are printed during the first

‘program iteration in which the time elapsed from feed

introduction exceeds the value of TIME in minutes.

)

State of Regeneration

YCO
YNO
YXO

initial fraction of chloride on the anionic resin
initial‘ fraction of sodium on the cationic resin
initial fraction of species x on the-cationic resin

Resin Characteristics

PDC
PDA
VD

FCR
FCA

Bed and

CF
FR
DIA
CHT
AREA
Vs’
T™MP

cation resin particle diameter (cm)

anion resin particle diameter (cm)

bed void fraction ‘

cation resin volume fraction (cation resin/total resin)
anion resin volume fraction (anion resin/total resin)

System Variables’

total feed solution concentration (meq/cm3)
volumetric flow rate (cm3/sec)

column diameter (cm)

height of packed resin (cm)

column cross-sectional area (cm2)
superficial liquid velocity (cm/sec)

system temperature (C) ’

Resin Constants

QC
QA
TKCO
TKNH
TKXH
TKNX

Numeric

TAU
XI

cation resin capacity (meq/cm3)

anion resin capacity (meq/cm3)

selectivity coefficient for. chloride-hydroxide exchange
selectivity coefficient for sodium-hydrogen exchange
selectivity coefficient for x-hydrogen exchange
selectivity coefficient for sodium-x exchange

Constants

dimensionless time increment
dimensionless distance increment



* X % % L R R R T G

% % X X %k %

* %

1€8

Fluid Properties

CP  solution viscosity (cp)
DEN solution density (g/cm3)

Dimensionless numbers

RELI Reynolds number for ion i
SCi Schmidt number for ion i

Di Ionic diffusion coefficient for species i
KLi Non-ionic mass transfer coefficient for species i
Ri R value for species 1

Program Limits

TMAX time limit for column 6peration (min)
XNMAX effluent sodium concentration limit, (Cn/Cn )

All real variables will be double precision

IMPLICIT INTEGER (I-N), REAL*8 (A-H,0-Z)

Variable and array declaration

REAL KLN, KLX, YNC(4,1100), XNC(4,1100), XXC(4,1100), RATEN(10),
1 RATN(4,1100), YXC(4,1100), RATEX(10),RATX(4,1100), XHC(4,1100),
2 RATC(4,1100), RATEC(4), YCA(4,1100), XCA(4,1100), XOA(4,1100),
3 KLA, XCAD(2)

Function statements for determinig non-ionic mass transfer
coefficients based on system parameters

Carberry'’s Correlation
F1(R,S) = 1.15%VS/(VD*(S**(2./3.))*(R**0.5))
Kataoka's\Correlation

F2(R,S) = 1.85%US*((VD/(L.-VD))**(1./3.))/
1 (VD*(S**(2./3.))*(R**(2./3.)))

Open files output file

OPEN (6, FILE='02.DAT', STATUS='NEW’)
Initial Conditions and Bed Properties
DATA KPBK, KfPR, TIME/ 1, 0, 0.0DO/

DATA YNO, YXO, YCO/ 0.00001, 0.00001, 0.00001/
DATA PDC, PDA, VD/ 0.0825D0, 0.060, 0.42D0/
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DATA CF, FR, DIA, CHT/ 1.0D-5, 1.0D0O, 2.54D0, 10.0D0/
DATA TAU, XI, FCR, TKCO/ 0.005D0, 0.005D0, 0.4, 16.5/
DATA DEN, QC, QA, FCA/ 1.0D0O, 1.94D0, 1.4, 0.6/

DATA TMAX, XNMAX, TMP/ 8.5D4, 0.99D0, 25.0D0/

DATA FNF, FXF, FHF/ 0.50, 0.50, 0.0/

Output system parameters

WRITE (6,10)

WRITE (6,11)

WRITE (6,12) YXO,YNO
WRITE (6,13) PDC,VD

WRITE (6,14) QC ,
WRITE (6,15) CF,FR,DIA,CHT

CP = 0.9004D0
Concentrations and Dissociation caonstant

CFl = CF

DISS = 1.D-14
CF = CF+1.0D-7
DIV = CF/CF1

Calculation of Ionic Diffusion Coefficients based on Temperature
using limiting ionic conductivities (Robinson and Stokes (1959))

RTF = (8.931D-10)*(TMP+273.16)

XLAMH = 221.7134+45.52964*%TMP-0.014445%TMP*TMP

XLAMX = 1.40549*TMP+39.1537

XLAMN 23.00498+1.06416*TMP+0.0033196*TMP*TMP
XLAMO 104.74113+3. 807544 *TMR=RAY

XLAMC = 39.6493+1.39176*TMP+0.0033196*TMP*TMP

DN = RTF*XLAMN ’

DX = RTF*XLAMX
DO = RTF*XLAMO
DC = RTF*XLAMC

DH = RTF*XLAMH
Output Calculated Ionic Diffusion Coefficients

WRITE (6,16) DX,DN,DH,DC,DO
WRITE (6,17) CP,DEN,TMP

Calculate Reynolds numbers, Schmidt numbers and Non-ionic
mass transfer coefficients

AREA = 3.1415927%(DIA%*2) /4.
VS = FR/AREA

REC = PDC*100.*VS*DEN/((1.-VD)*CP)
REA = PDA*100.*VS*DEN/((1.-VD)*CP)
SCX = (CP/100.)/DEN/DX
SCN = (CP/100.)/DEN/DN
SCA = (CP/100.)/DEN/DC
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IF (REC.LT.20.) THEN

KILN = F2(REC,SCN)

KILX = F2(REC,SCX)
ELSE

KLN = F1(REC,SCN)

KLX = F1(REC,SCX)
ENDIF
IF (REA.LT.20.) THEN
KLA = F2(REA,SCA)
ELSE '
'KLA = F1(REA,SCA)
ENDIF '

Calculated total ‘number of steps in distance (NT)

CHTD = KLX*(1.-VD)*CHT/(VS*PDC)
NT = CHTD/XI

Output calculated parameters

WRITE (6,18)-

WRITE (6,19)°

WRITE (6,20) ~

WRITE (6,21) TAU,XI,NT

WRITE (6,22) REC,KLN,KLX,KLA
WRITE (6,23) VS :

Output breakthrough curve headings

IF (KPBK.NE.1) GO TO 50
WRITE (6,24) ‘

WRITE (6,25)

WRITE (6,26)

WRITE (6,27)

WRITE (6,28)

CONTINUE

Output concentration profile headings

T = 0. : ,
TAUPR = KLX*CF*(TIME*60.)/(PDC*QC)

IF (KPPR.NE.1) GO TO 60

WRITE (6,30)

WRITE (6,31) TIME

WRITE (6,32)

WRITE (6,33)

WRITE (6,34)

CONTINUE

Set initial fractions for the resin phase
MT = NT + 1

DO 100 M=1,MT
YNC(1,M)=YNO
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YXC(1,M)=YXO
YCA(1,M)=YCO
CONTINUE

Calculate dimensionless program time limit
based on inlet conditions (Z=0):

TAUMAX = KLX*CF*(TMAX*60.)/(PDC*QC)

J=1

JK =1
TAUTOT = 0.
JFLAG =0
XNC (JK,NT) =
KK = 1

Time stepping loop witin which all column calculations are
implimented, time is increment and outlet concentrations checked

CONTINUE
IF (TAUTOT.LT.TAUMAX.AND. XNC(JK NT) LT XNMAX) THEN

Correction of time step value for Adams-Bashforth Method

IF (J.EQ.4) THEN

Jp =1
ELSE ,
JD=J +1

ENDIF

Set inlet liquid phase fractlonal concentration for each
species in the matrix

XNC(J,1) = FNF/DIV
XXC(J,1) = FXF/DIV
XHC(J,1) = 1.0D-7/CF
X0A(J,1) = 1.0D-7/CF
XCA(J,1) =

(FNF+FXF) /DIV
Calculation for bed length at a fixed timé
DO 400 K=1,NT

Define bulk phase concentrations for subroutines

CX0 = XXC(J,K)*CF
CNO = XNC(J,K)*CF
CHO = XHC(J,K)*CF
C00 = XOA(J,K)*CF
CCO = XCA(J,K)*CF
CCT2 = CCO
CNT2 = CNO
CXT2 = CXO

CH1 = CHO
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COl = COO

YN = YNC(J,K)
YX = YXC(J,K)
YC = YCA(J,K)
XNL = XNC(J,K)
XXL = XXC(J,K)
XCL = XCA(J,K)

Solve the tau constant material balance equation in xi
DO 300 L~1,2
Call subroutines to calculate RN, RX, CNI, CXI

IF (YX .LT. 1.0) THEN

CALL CR (CHO,CNO,CXO0,DH,DN,DX,¥N,YX,CNI,CXI,RN,RX,CTI)
XXI = CXI/CF
XNI = CNI/CF

ELSE

XXI = 1
XNI = 0.
RN =
RX =

ENDIF

Call subroutine to find RIA gnd CCI

IF (YC .LT. 1.0) THEN

CALL BULK (TKCO,C00,CCO,YC,DO,DC,RIA,XCI)

ELSE
XCI =
RIA

ENDIF
XCAD(1) = XCA(J,K)
XCI = XCI*XCAD(L)

1.0
0.0

Evaluate the rate of exchange

RATEN(L) = 6.*RN*(XNL - XNI)*KLN/KLX

RATEX(L) = 6.*RX*(XXL - XXI)

RATEC(L) = 6.*RIA*(XCL - XCI)*KLA*PDC/KLX/PDA
IF (L .EQ. 2) GO TO 310

First step calculation across bed inlet

IF (K .EQ. 1) THEN
RATN(J,1) = RATEN(1)

RATX(J,1) = RATEX(1)
RATC(J,1) = RATEC(1)
YNC(JD,1) = ABS(YNC(J,1)+TAU*RATN(J,1))
YXC(JD,1) = ABS(YXC(J,1)+TAU*RATX(J,1))

YCA(JD,1) = ABS(YCA(J,1)+TAU*RATC(J,1)*QC/QA)
IF ((YNC(JD,K+1)+YXC(JD,K+1)).GT.1.0) THEN
YYY= YNC(JD,K+1)+YXC(JD,K+1)
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YNC(JD,K+1) = YNC(JD,K+1)/YYY
YXC(JD,K+1) = YXC(JD,K+1)/YYY
ENDIF
ENDIF

Use Modified Euler's method to obtain the first four function

values, then change to Adams-Bashforth

IF(K.LE.3) THEN
XN2 = XNC(J,K) - XI*RATEN(L)*FCR
XX2 = XXC(J,K) - XI*RATEX(L)*FCR
XC2 = XCA(J,K) - XI*RATEC(L)*FCA

ELSE = :
COEN=55 . *RATEN (L) -59 . *RATN(J ,K-1)+37 . *RATN(J ,K-2) -9.*RATN(J ,K-3)
XN2 = ABS(XNC(J,K)-XI/24.%COEN*FCR)-
COEX=55 . *RATEX (L) - 59 . *RATX (J , K-1)+37 . *RATX(J ,K-2) -9 . *RATX (J ,K-3)
XN2 = ABS(XXC(J,K)-XI/24.%COEX*FCR)
COEC=55.*RATEC (L) -59.*RATC(J,K-1)+37 .*RATC(J,K-2)-9.*RATC(J,K-3)
XC2 = ABS(XCA(J,K)-XI/24 . *COEC*FCA)

ENDIF

Determine intermediate concnetrations and calculate
equilibrium hydrogen and hydroxide concentrations

XCAD(2) = XC2
CNO2 = XN2 * CF

'CX02 = XX2 * CF

CC02 = XC2 * CF

CHT = CHO - CX02+CX0-CNO2+CNO
COT = COO - CCO2+GCCO

CALL EQB(DISS,CHT,COT)

Redefine bulk phase concentrations for subroutines...

CNO = CNO2

CX0 = CX02

CHO = CHT

CCO = CCO2

CO0 = COT

YX = YXC(J,K+1)
YN = YNC(J,K+1)
YC = YCA(J,K+1)
XNL = XN2

XXL = XX2

XCL = XC2
CONTINUE
CONTINUE

Impliment Implicit Portion of the Adams-Bashforth-Molton
method provided that the previous function values are known

IF (K.LE.3) THEN
XNC(J,K+1) = XNC(J,K) - (XI/2.)*(RATEN(1l) + RATEN(2))*FCR
XXC(J,K+1) = XXC(J,K) - (XI/2.)*(RATEX(1l) + RATEX(2))*FCR
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XCA(J,K+1) = XCA(J,K) - (XI/2.)*(RATEC(1l) + RATEC(2))*FCA
ELSE
COEN=9 . *RATEN(2)+19.*RATEN(1)-5.*%RATN(J,K-1)+RATN(J,K-2)
XNC(J,K+1) = ABS(XNC(J,K) - (XI/24.)*COEN*FCR)
COEX=9 . *RATEX (2)+19.*RATEX (1) -5.*RATX(J,K-1)+RATX(J,K-2)
XXC(J,K+1) = ABS(XXC(J,K) - (XI/24.)*COEX*FCR)
COEC=9 .*RATEC(2)+19.*RATEC(1)-5.*RATC(J,K-1)+RATC(J,K-2)
XCA(J,K+1) = ABS(XCA(J,K) - (XI/24.)*COEC*FCA)
ENDIF : : o

Determine concentrations for next distance step and recalculate
bulk phase equilibria

CXO = XXC(J,K+1) * CF

CNO = XNC(J,K+1) * CF

CCO = XCA(J,K+l) * CF

CHO = CH1-CNO-CXO+CXT2+CNT2
CO0 = CO1l-CCO+CCT2

CALL EQB(DISS,CHO,C00)
XHC(J,K+1) = CHO/CF
XO0A(J,K+1) = COO/CF

Call subroutines to determine rates at constant xi for solution
of the tau material balance

IF (YX.LT.1. 0) THEN

CALL CR (CHO,CNO,CXO0,DH,DN,DX,YN,YX,CNI,CXI,RN,RX,CTI)
XXI = CXI/CF

XNI = CNI/CF

ELSE
XXI =
XNI =
RN =
RX =

ENDIF

oo o+
[eNeoNeNe)

‘IF (YC .LT. 1.0) THEN

CALL BULK (TKCO,C00,CCO,YC,DO,DC,RIA,XCI)

ELSE
XCI = 1.0
RIA = 0.0
ENDIF

XCI = XCI*XCA(J,K+1)

RATN(J ,K+1) = 6.%RN*((XNC(J,K+1)) - XNI)*KLN/KLX
RATX(J,K+1) = 6.%RX*((XXC(J,K+1)) - XXI)
RATC(J,K+1) = 6.*RIA*PDC*KLA* ((XCA(J,K+1))-XCI)/PDA/KLX

Determine Y ﬁsing adams-bashforth

IF (KK.LE.l1) THEN
YNC(JD,K+1) = YNC(J,K+1l) + TAU*RATN(J,K+1)
YXC(JD,K+1) YXC(J,K+1) + TAU*RATX(J,K+1)
YCA(JD,K+1) YCA(J,K+1) + TAU*RATC(J,K+1)*QC/QA
ELSE
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IF(J.NE.1) GOTO 201
J1=4

YCA(JD,K+1)=ABS (YCA(J ,K+1)+(TAU/24 . ) *COEC*QC/QA)

J2=3
J3=2
GOTO 209
IF (J.NE.2) GOTO 202
J1=1
J2=4
J3=3
GOTO 209
IF (J.NE.3) GOTO 203
J1=2
J2=1
J3=4
GOTO 209
J1=3
J2=2
J3=1
COEN=55.*RATN(J,K+1)-59 . *%RATN(J1,K+1)
COEN = COEN +37.*RATN(J2,K+1)-9.%*RATN(J3,K+1)
YNC(JD,K+1)=ABS (YNC(J,K+1)+(TAU/24 . )*COEN)
COEX =57 .*RATX(J,K+1)-59.%RATX(J1,K+1)
COEX = COEX +37.*RATX(J2,K+1)-9.*RATX(J3,K+1)
YXGC(JD,K+1)=ABS(YXC(J,K+1)+(TAU/24 . )*COEX)
COEC=55.*RATC(J,K+1)-59 .%RATC(J1,K+1)
COEC = COEC +37.*RATC(J2,K+1)-9.*RATC(J3,K+1)
ENDIF
IF ((YNC(JD,K+1)+YXC(JD,K+1)).GT.1.0) THEN
YYY= YNC(JD,K+1)+YXC(JD,K+1)
YNC(JD,K+1) = YNC(JD,K+1)/YYY
YXC(JD,K+1) = YXC(JID,K+1)/YYY
ENDIF
Output concentration profiles
IF (KPPR.NE.1) GO TO 350
IF (TAUTOT.LT.TAUPR) GO TO 350
JFLAG = 1
ZA = FLOAT(NT)
ZB = FLOAT(K-1)

Z = ZB*CHT/ZA
KOUNT = KOUNT+1

IF (KOUNT.NE. (KOUNT/10%10)) GOTO 350
WRITE (6,35) Z,XNC(J,K),XXC(J,K),XHC(J,K),YNC(J,K),YXC(J,K)

CONTINUE
CONTINUE

Output breakthrough curves

IF (KPBK.NE.1l) GO TO 450

KK = KK+1

TAUTIM = TAUTOT*PDC*QC/(KLX*CF*60.)

T = TAUTIM

175
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WRITE (6,29) TAUTIM,XNC(J,NT),XXC(J,NT),XHC(J,NT),XCA(J,NT),

1

XOA(J,NT),¥YNC(J,NT),YXC(J,NT)

450 CONTINUE

JK =J
IF (J.EQ.4) THEN
J=1
ELSE
J = J+1

ENDIF

IF (JFLAG.EQ.1) STOP

TAUTOT
End of

GOTO 1
ENDIF

Output

10
11
12
13

FORMAT
FORMAT
FORMAT
FORMAT
14 FORMAT
15 FORMAT
1
16 FORMAT
1
17 FORMAT
18 FORMAT
19 FORMAT
20 FORMAT
21 FORMAT
1
22 FORMAT
1
23 FORMAT
24 FORMAT
25 FORMAT
26 FORMAT
27 FORMAT
1
28 FORMAT
29 FORMAT
30 FORMAT
31 FORMAT
32 FORMAT
33 FORMAT
1
34 FORMAT
35 FORMAT
138 STOP
END

= TAUTOT + TAU

loop, return to beginig and step in time

formats Statements

("IMIXED BED SYSTEM PARAMETERS:')
("0") |
(’ORESIN REGENERATION',7X,’: ¥YXO=',F5.3,8X,’'YNO=',F5.3)
('ORESIN PROPERTIES',9X,”: PDC=',F6.4,6X,'VD =',F6.4,6X)
(' ORESIN CONSTANTS’,10X,’': QC =',E10.4)
("OCOLUMN PARAMETERS',8X,’: CF =',E10.4,"
'DIA =',F5.2,7X,'CHT =' ,F5.1)
('OIONIC CONSTANTS',10X,’: DX =',E10.4,’ DN =',E10.4,
2X,'DH =',E10.4,2X,'DC =', E10.4,2x,'DO =',E10.4)
('OFLUID PROP.’,’ : CP =',F7.5,' DEN=',F6.4,' TEMP=',F6.3)
('0") o
(" OCALCULATED PARAMETERS')
(o)
(' OINTEGRATION
5X,'NT =',16)
(’OTRANSFER COEFFICIENTS  : REC=',E10.4,
' KIN =',E10.4,' KLX =',E10.4,'KLA = ',E10.4)
(' OSUPERFICIAL VELOCITY : VS =',F7.3)
(1) ‘
(' OBREAKTHROUGH CURVE RESULTS:')
('0")
('0’,6X,'T(MIN)’,9X, 'XNC', 11X, 'XXC', 11X, 'XHC', 11X, ' XCA'
11X, 'X0A’ 11X, 'YNG', 11X, 'YXC')
(:0:) o
('0',8(2X,E12.5))
("1") : '
(" OCONCENTRATION. PROFILES AFTER ’,F5.0,' MINUTES')
('0")
('0',9%,'2',11X, 'XNC’ 11X, 'XXC', 11X, 'XHC' , 11X, ' YNC',
11X, 'YCA')
('0")
('0',6(2X,E12.5))

FR =',F7.3,5%,

14

INCREMENTS : TAU=',F7.5,5X,'XI =',F7.5,
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Subroutines

SUBROUTINE CR (CHO,CNO,CXO,DH,DN,DX,YN,YX,CNI,CXI,RN,RX,CTI)

Subroutine to calculate Ri and interfacial concentrations

for ternary exchange

IMPLICIT REAL*8 (A-H,0-Z)

TKNH = 1.5D0

TKXH = 2.4D0

TKNX = TKNH/TKXH

AH = DH/DN

AX = DX/DN ,

S = (CHO+CNO+CXO)* (AH*CHO+CNO+AX*CXO)

DENOM1 TKNH+ (1 - TKNH) *YN+ (TKNX - TKNH) *YX
DENOM2 = AH*TKNH+(1-AH*TKNH)*YN+ (AX*TKNX - AH*TKNH) *YX

Calculate Interfacial Concentrations

CNI = YN*(ABS(S/DENOM1/DENOM2)%**0.5)
CXI = ABS(CNI*TKNX*YX/YN)

CHI = ABS(CNI*TKNH*(1-YN-YX)/YN)

CTI = CNI+CHI+CXI i

CTO = CXO+CHO+CNO

CTR = CTI/CTO -

CNR = CNI/CNO

CXR = CXI/CXO

BBB = 1.+ CTR

Calculate Ternary Effective Diffusivities

IF (CNI.NE.CNO) GOTO 57
DEN = 0.0 . :
GOTO 58

DEN = 2.%*(CTR*CNR-1.)

CCC = 1.- CNR

DEN = DEN/(BBB*CCC)

IF (CXI.NE.CX0) GOTO 59
DEX = 0.0
GOTO 61

DEX = 2.*(CTR*CXR-1.)
BBX = 1.- CXR

DEX = DEX/(BBX*BBB)
CONTINUE

Calculate Ri’s for components

EPN = 2./3.
RN = (ABS(DEN))**(EPN)
RX = (ABS(DEX))**(EPN)
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RETURN
END

SUBROUTINE BULK (TKNA,CAO,CNO,YN,DA,DN,RIC,XNI)

Subroutine to calculate Ri and the interface concentration
using the bulk phase neutralization model for binary exchange

IMPLICIT REAL*8 (A-H,0-Z)
— DA/DN
Y = CAO/CNO
IF (YN.GT.1.0) YN = 1.0
IF (YN.LT.0.0001) THEN -
YP - ((CAO/CNO + 1./A)- * (CAO/CNO + . ))**0.5
= 2.%A%(YP - CAO/CNO - 1.) / (1.-A)
XNI =0.0
ELSE
S = TKNA*(1l. - YN)/YN
KNI = (((A*Y+1.)*(Y+1. ))/((A*S+1 Y*(S+1.)))**0.5
= 2. %A% (S*XNI+XNI-Y-1.)/((1.-A)*(1.-XNI))
ENDIF
RIC = ABS((DE))**(2./3.)
RETURN :
END

SUBROUTINE EQB(DISS,CAO,CO0)

Subroutine to calculate bulk phaée concentrations
based on water equilibrium

IMPLICIT REAL*8 (A-H,0-Z)
V=CAO*C00

IF (V.EQ.DISS) GOTO 57
V1=(CO00-CAO)* (COO+CAO)+4 . *DISS
X2=(CAO+CO0- (V1#+0.5)) /2.
CAO=CAO-X2

€00=C00-X2

RETURN

END
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