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Models for Electrolyte Solutions

Marshall Rafal and James W. Berthold
OLI Systems, Inc.
Morris Plains, New Jersey

Noel C. Scrivner and Steven L. Grise
E. I. du Pont de Nemours & Company, Inc.
Wilmington, Delaware

. MODELS FOR ELECTROLYTE SOLUTIONS

In recent years there has emerged considerable interest in models
for aqueous electrolyte systems. This has been largely the result
of increased concern for the environment. Aqueous-based envi-
ronmental applications include gas treatment, wastewater treat-
ment (e.g., processes involving chromatographic separations,
membrane separations, pH-controlled neutralization), and chem-
ical waste disposal in underground injection wells. In addition,
aqueous chemistry is an important aspect in many other appli-
cations within the chemical industry. Typical applications occur
in the areas of bioseparations, corrosion, oilfield research (e.g.,
scaling, enhanced oil recovery), geothermal wells, paper produc-
tion, etc.

The purpose of this chapter is to provide a practical working
knowledge of models of electrolyte solutions. The specific disci-
plines involved include:
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Aqueous chemistry

Phase equilibrium

Thermodynamics

Thermodynamic property estimation
Mathematical modeling

Computer science

AR S ol

Creating a unified treatment of electrolyte solutions requires as-
similating the contributions of researchers in the diverse areas of
theory, experimentation, correlation, data compilation, computer
codes, and industrial applications.

Phase equilibrium models involving an aqueous phase have
generally been more difficult to produce than similar models which
do not require describing an aqueous phase. The reasons for this
difficulty involve describing the nonideal behavior of the aqueous
solution. The conventions used in describing nonideal aqueous
solution behavior, such as the mean activity coefficient, differ
from those used in other phases. Another reason for the difficulty
in aqueous modeling is due to the different standard state of the
aqueous phase and the often complex chemistry involved. This
latter issue, which refers to the detailed speciation and the as-
sociated intraphase equilibrium reactions which occur in the aqueous
phase, is of crucial importance in determining the behavior of
many aqueous systems. For example, in the ternary system H,O/
CO,/NH;, the vapor-aqueous phase equilibria are determined
by the concentration of the molecular species H,O(aq), CO,(aq),
and NH;(aq) in the aqueous phase. The concentration of these
species within the aqueous phase are determined by the speciation
and aqueous intraphase equilibria involving NH; (aq),
NH,COj (aq), CO3™(aq), HCOj; (aq), H*(ag), and OH~(aq).

The material in this chapter addresses all of these issues. Mas-
tery of this material should allow for an understanding of the
proper representation of the mathematical model of an aqueous
system. In addition, it should also allow for the proper integration
of these models into a larger framework involving other physical
phases and, finally, a better understanding as to the workings of

Models for Electrolyte Solutions 603

the various computer codes for predicting the behavior of aqueous
systems.

Il. TERMS AND DEFINITIONS

The material in this chapter, as well as much of the literature on
aqueous systems, is based on various terms and definitions. These
generally fall into two broad categories: aqueous systems termi-
nology and aqueous thermodynamic definitions. Each of these
will be considered in more detail below.

A. Aqueous Systems Terminology

The following terms should be understood before further reading
is done in this area:

Phase—The physical state of one or more chemical species.
The phases considered in this chapter and the conventional
shorthand notation are gaseous (g), liquid (/), aqueous (aq),
and solid (s or cr)

Electrolyte— A molecular or atomic species (gaseous, liquid,
or solid) which has some solubility in water and reacts in
water, to some significant extent, to one or more ionic
(charged) species. CO,(g), and NaCl(s) are examples of
electrolytes.

Nonelectrolyte— A molecular or atomic species (gaseous, liquid,
or solid) which has some solubility in water and remains nearly
totally in the molecular form (uncharged) when dissolved in
water. Ar(g) and C¢H,,(!) are examples of nonelectrolytes.

Ionic species—A species dissolved in water and possessing a
charge. Charged species are either termed cations (positive
charge) or anions (negative charge). Na*(aq) ahd Cl~(aq)
are examples of ionic species.

Molecular species— A species dissolved in water and having nc
charge. CO,(aq) and FeCly(aq) are examples of molecula:
species.
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Complex, ion pair—A species composed of both cationic and
anionic portions. Complexes can be charged or uncharged.
FeCP*(aq) and FeCl,(aq) are examples of complexes.

Strong electrolyte— A molecular or atomic species which com-
pletely dissociates to its constituent base ions, leaving vir-
tually no uncharged molecular forms of the species in water.
NaCl(s) and KCl(s) at room temperature are examples of
strong electrolytes.

Weak electrolyte— A molecular or atomic species which par-
tially dissociates in water to its constituent ions, leaving a
significant concentration of the molecular form and/or other
complexes.

Aqueous electrolyte equilibrium—The thermodynamic equilib-
rium, described in more detail below, involving species, all
of which are in the aqueous phase. An example of an elec-
trolyte equilibrium is CO,(ag) + H,0(ag) = H*(aq) +
HCOj (ag).

Aqueous phase equilibrium—The thermodynamic description
of the physical equilibrium between an aqueous phase and
one other phase. The other phase can be, among others,
gaseous, nonaqueous liquid, or an independent solid.
Ar(g) = Ar(aq) is an example of an aqueous phase equilib-
rium.

B. Aqueous Thermodynamic Definitions

A reasonable study of aqueous systems requires the mastering of
the following definitions and concepts:

Solvent—For aqueous systems, this refers to water.

Solute— A substance dissolved in water. NaCl, present in water
as Na*(aq) and Cl~(agq), is an example of a solute.

Molality—The customary unit of concentrations for all species
in the aqueous phase other than H,O(aq). Molality (abbre-
viated m) is defined as the moles of an aqueous phase species
per kilogram (approximately 55.508 mol) of water. Molality
is a more convenient unit of concentration than other con-

Models for Electrolyte Solutions 605

centration units (such as molarity), in that molality is inde-
pendent of temperature.

Thermodynamic propertzes—Aqueous-phase thermodynamic
properties for all species other than water are usually ex-
pressed on aQartlal molal basis) This means that the property
is per mole of solution. The principal properties we will be
most concerned with are partial molal Gibbs free energy,
enthalpy, entropy, heat capacity, and volume. Each species
in solution possesses a value for each of these properties.
Each of the partial molal thermodynamic properties is the
sum of a standard-state term and an excess term. Thus, the

general relationship for these properties can be expressed as

P, =P’ + PF Q@)

where P, represents any partial molal thermodynamic prop-
erty and the superscripts 0 and E represent the standard
state and the excess terms, respectively.

Standard-state (term)—This refers to the thermodynamic value
(P?) at a defined state (a specified concentration, temper-
ature, and pressure). The nonideal (excess) contributions
(PF) are departures from this state. For aqueous systems,

the standard state refers to a hypothetical 1 m solution of
t i apolated to infinite dilution. For simplicity,

this state is simply referred to as_one of infinite dilution. It

is quite important to realize that the standard state, as in

mosr_nanaqumwmm&wonmufﬁm
of-temperature and _pressure but not a function of compo-

sition. As we shall see below, the difference between the
sum of standard-state values for the products of a chemical
reaction multiplied by their stoichiometric coefficients and
the sum of standard-state values for the reactants multiplied
by their stoichiometric coefficients is related directly to the
thermodynamic equnlxbnum constant for the reaction.
Reference state—This is the thermodynamic value (PR) at a
specific standard state of 298.15 K and 1 atm. As noted

above, the standard_state is-a.contiouous function of tem-
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perature and pressure. That means choice of
temperature and pressure there is a standard-state value.
The reference state, on the other hand, refers to a specific
temperature and pressure, as noted above. One of the prin-
cipal purposes for a reference state is that this state becomes
the most common condition for experimental measurements.
Compilations of experimental data for aqueous systems are
usually comprised of measurements of the reference-state
partial molal free energy, enthalpy, entropy, heat capacity,
and volume.

Excess (term)—This measures the departure of a partial molal

thermodynamic property from the standard state. This term
is customarily a function of temperature, pressure, and com-
position. As we shall see below, this term is related directly
to the activity, and in turn, to the activity coefficient and
concentration of the species in question.

Activity—The activity of a species (a;), is a thermodynamic

property of the species which relates directly to the excess
Gibbs free energy (GF). Specifically,

G = RT In(a) @

where R is the gas constant and T is the absolute temperature.

Activity coefficient—The activity coefficient of a dissolved spe-

cies (vy,), is defined as the thermodynamic property of the
species which relates directly to the activity by

a; = y;m; (3)

where m, is the concentration of the species in units of mo-
lality. Defined this way, the aqueous activity coefficient is
said to conform to the asymmetric convention. The asym-
metric convention means that the activity coefficient of the
species approaches unity as the concentration of the species
approaches zero (infinite dilution). This is quite different
from the more familiar symmetric conventions, utilized in

other chapters of this text, in which the species activity coef-
ficient-approaches-unity-as-the.species_mole. fraction_ap-
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proaches unity. The asymmetric convention is far more suit-
able in aqueous systems, since if the solute were to approach
a mole fraction of unity, the mole fraction of the water would
approach zero and the molality would go inﬁn.itt.: and the
system would hardly be aqueous. A typical activity coeff?-
cient plot for each convention is shown in Fig. 1. It is
important to point out that with respect to the solvent, water,
the activity coefficient cannot be defined, since the molality
of a solvent with respect to itself has no meaning. The op-
erative quantity used herein is the activity which for pure
water is 1.0. A typical plot of water activity is shown in

Fig. 2.

We can now put some of these concepts into the form of equa-
tions. For the five principal thermodynamic functions described

in general form in Eq. (1) above, we get: P, 4.5 ..t

Gibbs free energy G, = G? + Gf = /,g 4)
Enthalpy H, = H® + HE )
Heat capacity Cp, = Cp® + Cp/F ©)
Entropy: S, =S° + §F ™
Volume V,=V?+ VE ®

The partial molal Gibbs free energy, shown above, is also known
as the chemical potential. Using the definitions (2) a.nd (3), de-
veloped earlier, an important relationship which pertains to every
equilibrium reaction involving the aqueous phase can now be
developed.

Combining Egs. (2), (3), and (4), we get:

G, = G + RT In(y,m,) ®
Consider a general, stoichiometrically balanced, aqueous-phase
equilibrium reaction involving R different aqueous-phase reactant
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species and P different aqueous-phase product species:

rlRl + rsz + - -+ rRRR
=piP, + paP> + + pePp (10)

Consider next the fact that thermodynamics tells us that, for any
equilibrium reaction, the sum of the chemical potential (partial
molal Gibbs free energy of all reactants) equals the sum of the
same quantities over all products, or

,g'@= 21’@' f:é:"’fzé—;. ¥ (1)

where r; is the stoichiometric coefficient of reactant i and p; is the
stoichiometric coefficient of product i.

Using Eq. (9), the reaction shown in Eq. (10), and Eq. (11),
we get the following after collecting and reorganizing terms:

= ('Yhmh)m@hmlz)m e ('YPE"IPP)P r
K O e Ornan (12

where KX is the equilibrium constant, which is equal to

K=
exp[—((p.a-'."m&';w- - +PrGp®) = (nGa® +riGe® + - - - + sG]

RT
(13)

Equation (12) is the classical form of the thermodynamic equi-

librium relationship. This equation plays an important role in our

later work in building a deterministic mathematical model of aqueous

systems. The equilibrium constant, X, is a function of both tem-

perature and pressure but not of composition (concentration).
To illustrate this, consider the equilibrium

CO,(aq) + H,O(ag) = H*(aq) + HCO;5 (ag) (14)
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The application of Eq. (11) leads to the following equations cor-
responding to Egs. (12) and (13):

- (‘YH+mH+)('YHco;ch0y)
: (Yoor(aqycontan)) (311:0) (15)
K= exp[ (Gl + q‘”’(ﬂ)’){; (Cloxen) = Gluoen)]
(16)

lil. WRITING THE BASIC AQUEOUS-PHASE
MATHEMATICAL MODEL

We are now prepared to consider the basic aqueous modeling
problem. All mathematical models containing an aqueous phase
will contain this basic model, and the solution to the larger prob-
lem will usually rest heavily on this aqueous model. Stated simply,
the basic problem is:

Given: The temperature, pressure and the relative amounts of
the chemicals which are fully dissolved in water not neces-
sarily at saturation.

Calculate: The moles of undissociated water and the molality
of each true species in the water.

For the practical purposes of this section, we will take an actual
problem and work it through. The problem is as follows.

Given: Temperature represented as T, pressure represented
as P, and water, carbon dioxide, and ammonia, the relative
amounts of which are represented by Fy,0, Fco, and
F\n,, respectively.

Calculate: The amount of water (H,O) and the molalities of
hydrogen ion (my.), hydroxide ion (moy-), molecular car-
bon dioxide (mco,), molecular ammonia (myy,), bicarbon-
ate ion (mycos), carbonate ion (mcoy2), ammonium ion
(mnmz ), and carbamate ion (Myy,c0;7) in solution.
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Thus, we have a problem involving the calculation of nine un-
knowns. Writing a proper deterministic model will involve providing
nine mathematical equations to describe this system. The following
procedure is an ordered recipe for preparing these equations.

Step 1: Write a chemical equation of the form of Eq. (10) for
all the independent aqueous intraphase equilibrium reactions. We
will not at this time discuss how to determine a valid set of equi-
librium equations; rather, we will provide the equilibria for this
example. The equilibria we have considered for this example are

H,0(aq) = H*(agq) + OH~(aq) amn
CO(ag) + H,0(ag) = H*(ag) + HCO; (aq) (18)
HCOj5 (aq) = H*(ag) + CO3}~(aq) (19)
NH;(aq) + H,O = NH{ (aq) + OH(aq) (20)
NH,CO; (ag) + H;O = NH;(aq) + HCOj (aq) (1)

Utilizing Eq. (12) and the notation suggested for representing the
species in the Calculate description above, we obtain the following
five equations:

Kitoeg = (‘Yﬂ*mﬂgg;))ﬂ-mon—) (22)
Kucos @ = £7H+(’::;c))f_':iz§°3_) (24)
Ko = ™ @

— (Yrns Mo )Yucoi Mucos)
Kratzcoz o (YNHacO7 MNt007 8110 (26)

This then provides the first five of the nine required equations.
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It is important to note that each equilibrium constant, noted
as K, is generally a function of temperature and pressure, and
that each activity coefficient is generally a function of tempera-
ture, pressure, and composition.

Step 2: Write an electroneutrality equation. The electroneutrality
equation is really just a charge balance. This equation will be part
of every basic aqueous model. For the example under discussion,
this equation becomes

my+ + mnu;
= Mamcor + 2Mcoz- + Mucor + Mont (27)

Note that the sum of the cation concentrations on the left-hand
side of this equation equals the sum of the anion concentrations
on the right-hand side. The concentration of each ion is multiplied
by the absolute value of its respective charge.

This then provides the sixth of the required nine equations.

Step 3: Write a sufficient number of material balances to com-
plete the model. Writing material balances in aqueous systems can
be difficult. Remembering the following rules can be helpful.

1 You should write only one of the following three balances:
a hydrogen balance, an oxygen balance, or an overall atom
balance. For simplicity we will always write a hydrogen
balance in this chapter. The overall balance is eliminated
because it is redundant to write such a balance while also
writing all elemental balances. The oxygen balance is elim-
inated because the writing of the electroneutrality balance
makes the writing of both a hydrogen balance and an oxy-
gen balance redundant.

2 A separate balance should be written for each oxidation
state of a particular element. For example, sulfur (S) may
be present in the form of sulfide (S[2—]), sulfite (S[4+]),
sulfate (S[6+]), etc. The only time that separate balances
would not be written would be in a case where there was
redox equilibrium. Such cases are beyond the scope of this
present treatment.
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3 Nonelectrolytes should have their own balances in which
the amount of the inflowing material is simply equated to
the amount present in the aqueous phase. This is done
regardless of the oxidation state of the individual atoms
comprising the nonelectrolyte molecule.

In our example, every species is an electrolyte. Thus, there
would be material balances for H[1 + ], C[4 +], and N[3—]. They
would be written as follows:

3FNHJ + 2Fazo = 2H20 + WR(mH+ + monu-

FCO: = Wk(mco, + Mycos + MmMnu.cot + mcog-) (29)
Fyny = Wk(may, + maur + Mygcos) (30)

where Wk is the constant representing the ratio of the number
of moles of water in this system to the number of moles of water
in 1 kg. Thus Wk is approximately equal to H,0/55.508, which
converts all molalities to moles. It is assumed that Fy,q5, Fyn,,
Fco, are on a molar basis. In writing the model in this way, H,O
will be computed on a molar basis as well. It is worth emphasizing
that due to the electrolyte reactions, the amount of molecular
water, H,O, after dissolving the solutes, NH; and CO,, will not
be equal to the inflow amount of water, Fy,o. These three equa-
tions complete the set of nine equations required.

This completes the recipe for a basic aqueous-phase speciation-
only model. One question worth asking is where are the variables
T and P which were part of the Given portion of the problem
statement. The answer is that these variables are embedded in
the thermodynamic equilibrium constants, K(7, P) and the ac-
tivity coefficients, y(T, P, m). Representing these thermodynamic
variables, as well as the thermodynamic properties of interest, is
the subject of the next section of this chapter.

It is important to observe that mathematical models of the type
developed above are generally highly nonlinear and require the
use of a computer to effect reasonable numerical solutions. In
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Fig. 3, we see the results of using such a computer code (Pro-
Chem) to solve various cases involving the ternary system H,O-
CO,-NH,;. A comparison of these predictions versus the experi-
mental data is also shown.

IV. REPRESENTING THE THERMODYNAMIC
PROPERTIES

In Section II, we introduced a number of aqueous partial molal
thermodynamic properties (Gibbs free energy, enthalpy, entropy,
heat capacity, and volume). Each of these properties was then
expressed as the sum of a standard state and an excess term. The
concept of a standard state and a reference state was then dis-
cussed. Finally, the concept of an equilibrium reaction, equilib-
rium constants, and thermodynamic activities and activity coef-
ficients were also discussed. In this section we will discuss three
important subtopics:

1 A unified representation (thermodynamically consistent)
of the thermodynamic properties

2. Sources of data for the thermodynamic properties

3. Specific mathematical representations of the thermody-
namic properties

Each of these will be discussed in the following separate subsections

A. Unified Representation of
Thermodynamic Properties

We have identified five partial molal thermodynamic properties
of interest: Gibbs free energy, enthalpy, entropy, heat capacity,
and volume. We have also identified that the state of an aqueous
system is characterized by the temperature (T), pressure (P), and
composition (m,, m,, . . .). The following relationships emphasize
some important facts about these properties and their interrela-
tionships.

All five partial molal thermodynamic properties are extensive
in nature. Thus, using P, and P to represent any of these prop-
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Figure 3 Comparison of predicted versus experimental partial pres-
sures for the NH,-CO,-H,0 ternary system at 120°C.

erties for a single species and the overall solution, respectively,

Pr =Y PN, (31)

im]

where N; is the number of moles of species i and n is the number
of distinct species present.
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All five thermodynamic properties are interrelated. This helps
give rise to the term “thermodynamic consistency.” In other words,
any equation of state representation of these properties should
obey the interrelationship equations noted below. The word “state™
in equation of state means simply that we express the properties

in terms of the state T, P, m,, m,, . . . . The interrelationship
equations are
s _ (%
S = ( aT)P,m (32)
H =G, + TS, (33)
—~— _ (oH,
Cpe = (aT)P.m (34)
7 = - (3G
7=~ (). &

It should further be remembered that once we substitute the
definition of the total Gibbs free energy in terms of the standard-
state and excess terms and then substitute the activity-coefficient
form of the excess term, the equations above then explicitly con-
tain the activity coefficient as well as its partial derivatives with
respect to temperature and pressure.

B. Sources of Data

When performing calculations described in this chapter, it is help-
ful to have a list of references from which data can be obtained.
The following provides important references organized with re-
spect to several categories of data.

1. Compilations of Gibbs Free Energy, Enthalpy, Entropy,
and Heat Capacity

Chase et al. (1985) provide reference-state information for sol-
ids, liquids, and gases and at elevated temperature.
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Cox et al. (1989) provide reference-state information for solids,
liquids, gases, and aqueous species.

Daubert and Danner (1989) provide reference-state informa-
tion as well as temperature-dependent data for gaseous com-
pounds. There is a heavy emphasis on organic compounds.

Glushko et al. (1965-1981) provide reference state information
for aqueous species. This compilation is usually referred to
as the Russian Handbook and is analogous to the NBS Hand-
book.

Kelly (1960) provides enthalpy, heat capacity, and entropy in-
formation at the reference state for solids.

Robie et al. (1978) provide similar information as Chase et al.
(1985), with an emphasis on geologically important com-
pounds.

Shock, Helgeson, and Sverjensky (Shock and Helgeson, 1988,
1990; Shock et al., 1989) provide reference-state information
for aqueous species.

Stull et al. (1987) provide reference-state thermodynamic val-
ues for organic compounds for solid, liquids, and gases.

Wagman et al. (1982) provide reference-state thermodynamic
values of inorganic and some organic compounds. This is
commonly referred to as the NBS Handbook.

2. Compilations of Equilibrium Constants

With rare exceptions, most of these compilations are for 25°C
only.

Baes and Mesmer (1976) have compiled and critically reviewed
the hydrolysis equilibria for many metal cations.

Smith and Martell (1975-1989) have critically reviewed com-
plexation equilibria for many classes of anions, including
organic anions.

3. Compilations of Activity Coefficient Data

Goldberg (1981) compiled and reviewed data for 36 univalent
and bivalent electrolytes (e.g., Na,CO,).
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Goldberg and Nutall (1978) compiled and reviewed data for
alkaline earth metals (e.g., CaCl,).

Hamer and Wu (1972) reviewed univalent electrolytes (e.g.,
NaCl).

Lobo (1989) has compiled (although not reviewed) activity
coefficient data for many electrolytes. In addition, this ref-
erence contains viscosity, transport, density, and osmotic
coefficient data.

4. Compilations of Solubility Data

Horvath (1982) has compiled and reviewed solubility data for
halogenated hydrocarbons.

Linke and Seidell (1958, 1965) have the most comprehensive
compilation of solubility data of inorganic compounds. Most
of this data is unreviewed.

Stephen and Stephen (1963) have compiled solubility data for
many organic compounds. All of this data is unreviewed.

C. Specific Formulations

Bearing in mind that the partial molal thermodynamic properties
of interest are the sum of a standard-state term and an excess
term, the objective of this subsection is to provide guidance as
to alternative ways to represent mathematically both the standard
state and excess partial molal Gibbs free energy in terms of the
system state (T, P, my, m,, . . .). As we have seen earlier [Egs.
(31)-(35)], once this is done, the mathematical representation of
the other thermodynamic properties can be derived. Our purpose
here is to present the working equations and to direct the reader
to other published works for details.

The material below is separated into standard-state and excess
properties, respectively.

1. Standard State Properties [GX(T,P), HXT,P), SXT,P),
CpX(T,P), VX(T,P)]

The key to representing the standard-state partial molal ther-

modynamic properties of species in an aqueous solution is in

representation of the heat capacity. The choices are as%uming a
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constant value of zero (in the absence of data), an estimated
constant value, a constant value equal to the reference-state value,
a value which is a function of temperature, or a value which is a
function of temperature and pressure. The accuracy of the ther-
modynamic standard-state property predictions will very much
depend on the choice made. The two methods described below
exemplify the range of choices and are both practical to use.

Method 1: Representing the Equilibrium Constant. In this first
method we are seeking only to calculate the thermodynamic equi-
librium constant. The equilibrium constant is, as was shown ear-
lier, a standard-state property based on the sum and difference
of the partial molal Gibbs free energy of the individual species
participating in a chemical equilibrium reaction. In this first method,
we are simply seeking to develop a representation of the equi-
librium constant rather than a complete description of the five
standard-state thermodynamic properties. We have seen in Eq.
(13) that

AT

K=~ Rr

(36)

where AG? is a shorthand notation for the change in the standard-
state Gibbs free energy across the reaction. This shorthand will
apply to enthalpy and heat capacity, as well.

Differentiating with respect to T, we get

dinK _ _d(AGFT)

R=3r dT (37)

Using the interrelationships among the properties presented in
Eqgs. (31)-(35), we eventually integrate to obtain

AGgR AHgR (1

ok | L

. RTR R
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where TR is the reference-state temperature of 298.15 K. At this
point, we either provide a function for heat capacity in terms of
temperature or assume a constant value. If we assume a constant
value, then we get the closed form shown below:

8T -

‘ RTR Iy

(LI

The detailed derivations of Eq. (38) and Eq. (39) can be found
in the Handbook of Aqueous Electrolyte Thermodynamics (Ze-
maitis et al., 1986).

If we choose a particular temperature function for heat capac-
ity, we can also readily develop a more accurate, albeit compli-
cated, closed-form expression for the equilibrium constant.

The use of this method is dependent on being able to obtain
data on the reference-state partial molal Gibbs free energy, en-
thalpy, and heat capacity of each of the participants in an aqueous
equilibrium reaction. The sources of these data have been dis-
cussed in the previous section.

A typical plot of K versus T is provided in Fig. 4, where the
experimental data for the dissociation constant of water is com-
pared to predicted values based on Eq. (39). Since there are times
when only AGRgR or only AG® and AHRR may be available, it is
particularly instructive to observe the improvement in the pre-
dictions when all reference-state properties are available. These
predictions would be even better if the heat capacity as a function
of temperature were known and applied, as in Eq. (38).

Method 2: Helgeson Equation of State. A particularly useful
equation of state has been developed by Helgeson and co-workers
(Helgeson and Kirkham, 1974a, 1974b, 1976; Helgeson et al.,
1981; Tanger, 1986). The equations for the five thermodynamic
properties of interest as developed by Helgeson et al. are pre-
sented in Table 1. For each species in an aqueous solution, it is
simply required that there be available values for the reference-
state properties (free energy, enthalpy, and entropy) as well as
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Figure 4 Dissociation constant for H,O versus temperature calculated
using Eq. (39) and showing improvement in fit with additional reference-
state property terms. (From Marshall and Frank, 1981.)

the seven Helgeson equation of state coefficients (o, ¢y, ¢, ay,
ay, a3, a,). If pressure effects are not important (pressures under
200 bar), then only the set o, ¢, ¢,) is required. Helgeson and
co-workers (Shock and Helgeson, 1988, 1990; Shock et al., 1989)
have published values for large numbers of inorganic ions, neu-
trals, and complexes, as well as organic nonelectrolytes. Corre-
lations have also been developed to allow for estimation of the
equation of state coefficients. All other variables in the equations
presented in Table 1 are either calculable properties of pure water
(e, the dielectric constant of pure water and its derivatives) or
equation of state constants as noted.

Table 2 provides a summary of the information required to
utilize the Helgeson equation of state for a sampling of 10 species
in water.

Of the two methods provided to calculate the standard-state ther-
modynamic properties, the Helgeson equation of state is strongly
recommended because it covers more properties over a wider range
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Table 1 Standard State Thermodynamic Values Using the Helgeson
Equation of State

w’“*hhiﬁ*L“”%ﬁ7ﬂG%ﬁ
o+ (1-1)(5),
o) - ()

1
X [a,(P -P) + a, ln(d' ha P)J + oTX

¢+ P,

ow 3w’
*"45LJ‘QGFL
- 1 1
§ =S+ '“(%) - %{(T - e) - (T, - e)
1. [T(T - 0)
tel [T(T, - e)]}
+(755) [w @ -+ 2 (57|

1 ow
+ (I)Y - (; - 1) (ﬁ)P - (l)p,'T, YPr,Tr

where
¢ = dielectric constant of the solvent (for our studies the solvent is
water)

{ = a constant term in pressure (= 2600 bar)
® = a constant term in temperature (= 228 K)
o = Born term in temperature and pressure (Tanger, 1986)

1 {oe
Y= €? <3T>p

where P is the pressure (in bar) and T is the temperature (in kelvins)

Y
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Table 2 Equation of State Coefficients for Selected Ions o
o Gibbs free energy Enthalpy Heat -
of formation of formation Entropy capacity Volume
Ion. (cal/mol) (cal/mol) (cal/moV/K) (cal/moV/K) (cm3/mol)
H* 0 0 0 0 0
Na* —-62,591 —-57,433 13.96 9.06 -1.11
Ca?+ -132,120 -129,800 -135 -7.53 18.06
AR+ -115,377 -126,012 -75.6 ~32.5 444
Cl- -31,379 —-39,933 13.56 —-29.44 17.79
HCO3 —140,282 - 164,898 23.53 -8.46 24.6
CO3 —126,191 -161,385 -11.95 -69.5 -5.02
OH- -37,595 -54,977 —2.56 -32.79 -4.18
NO3 26,507 —49,429 35.12 -16.4 29.0
HS- 2,860 -3,850 16.3 -22.17 20.65
a, a, ag Cy ®
Ion % 10 x10~2 a, x10~4 o x 10~4 x 1073
0 0 0 0 0 0 0
1.8390 —2.285 3.256 —2.726 18.18 -2.981 0.3306
—0.1947 —-7.252 5.2966  —2.479 9.00 -2.522 1.236
-3.340 -17.11 14.992 -2.072 10.7 -8.06 2.871
4.032 4.801 5.563 -2.847 ~4.40 -5.714 1456
7.5621 1.1505 1.2346  -2.827 12.940 ~-4758 1.273
2.8524 -3.984 6.4142 -2.614 —-3.320 17.19 3.391
1.2527 0.0738 1.8423 -2.782 4.15 10.35 1.724
7.3161 6.7824 -4.684 ~3.059 7.70 -6.725  1.098
5.0119 4.9799 3.4765 -2.985 -6.27 1.441

sz9
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The two types of species which appear in aqueous solution are
charged and uncharged.

For charged species, there has been, historically, a large body of
work leading to the development of a number of modern mathe-
matical representations of the asymmetric-form activity coefficients
for aqueous solution. Before discussing these various alternative
representations, it is useful to present the unifying concept of ionic
strength. Ionic strength in an aqueous solution is defined as

1 nl

2ic
where I is the ionic strength, z; is the charge on an individual
species i, and nl is the number of charged species in solution.

While each of the different methods has a somewhat different
specific mathematical representation, the following elements are
common to nearly all of these methods:

I z2m; (40)

1 The log of the activity coefficient is comprised of a long-
range term and a short-range term.

2 The long-range term describes what happens in dilute so-
lutions, where the constituent solute species are relatively
far apart and the activity coefficient is mostly influenced
by the general charged environment. This term was orig-
inally described by Debye and Hiickel 1923a, 1923b, 1924,
and nearly all formulations contain a Debye-Hiickel term
or, alternatively, a modified Debye-Hiickel term. Activity
coefficient models involving only a long-range term (e.g.,
Debye-Hiickel) are adequate only to very low ionic strengths.
These activity coefficients are then said to approach the
Debye-Hiickel limiting law.

3 The short-range term describes what happens in concen-
trated solutions where the constituent solute species get
relatively close. Generally this term is the sum of individual
ion—ion and ion-molecule pair interaction terms. The gen-
eral form of the individual terms is, for species i,

by(T,I) m,
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where by;, a function of temperature and ionic strength and
ion charge, is termed an interaction coefficient. In most
practical treatments of aqueous solutions, the principal in-
teractions considered are cation—anion interactions. In fact,
as a first approximation we can usually consider only in-
teractions involving species at least one of which has sig-
nificant concentration. The b values can generally be de-
veloped based on binary vapor pressure/water activity data.
The values thus fitted are then used in predicting the be-
havior of multicomponent systems.

One problem which arises is that for slightly soluble sub-
stances (e.g., CaSQ,), the binary data will allow a fit for
the interaction only up to a low ionic strength. Usage in
multicomponent systems may involve considerably higher
ionic strengths. This then requires an extrapolation tech-
nique for the b; to allow stable predictions of activity coef-
ficients including this b;. A method for estimation and/or
extrapolation of activity coefficients is presented in the next
section. ‘

The mathematical representations of a number of these activity
coefficient models is given in Table 3, which provides details for
a single salt in water. The term vy., used in the tables, refers to
the mean activity coefficient. The mean activity coefficient for
the salt C,A, is defined as

Y = (YiyL)VE) (41)

where x and y are the stoichiometric coefficients on the cation C
and the anion A, and vy, and vy_ are the activity coefficients of
the cation and anion raised to the respective stoichiometsic coef-
ficients.

The following comments should provide some perspective:

1  Debye-Hiickel—Presented for historical perspect{'ve and
because it is a common element of all of the others '(Debye
and Hiickel, 1923a, 1923b, 1924).
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Table 3 Activity Coefficient Formulations

Debye-Hiickel:  log vy, = -(—I—-A*_%-L)f
-AlZ,Z_|I? + (0.06 + 0.68)|Z,Z_|I

1+ 2 1.5
—— 12
M+ G757

Bromley.  logy,, =
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2. Bromley—A very useful method in that there are a sig-
nificant number of interaction values available, new values
are relatively easy to develop based on data, and in the
absence of such data, the interaction coefficients can be
estimated based on correlations. The author does suggest
an extended mathematical form to cover higher ionic
strengths (Bromley, 1972, 1973).

3. Pitzer—A very popular method in that there have been
extensive publications of Pitzer coefficients based on ex-
perimental data. The availability of higher-order terms al-
lows for extraordinarily good fits to experimental data.
There do not appear to be any reasonable correlations for
the Pitzer coefficients to extend the fits outside the range
of the experimental data set (Pitzer, 1973, 1975; Pitzer and
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Kim, 1974; Pitzer and Mayorga, 1973; Pitzer and Silvester,
1977, 1978).

4. Helgeson—A major attempt to develop an equation of
state approach to the excess properties quite analogous to
the standard-state treatment of Helgeson. The more lim-
ited success with these excess properties seems to stem
from the fact that there are only a limited amount of data
available, particularly at temperatures other than the ref-
erence state. As a result, the work is largely applicable to
naturally occurring minerals in an aqueous solution of so-
dium chloride over the range 0-6 molal in ionic strength
(Helgeson et al., 1981).

5. Chen— A method patterned after the NRTL (nonrandom
two-liquid) method. This leads to an ability to accommo-
date multisolvent electrolyte models, but the model is highly
dependent on regression of available experimental data
(Chen et al., 1982).

6. Meissner— A highly predictive and extrapolative method
which is of limited accuracy and is best used in conjunction
with other methods, in the absence of experimental data,
as a means of extrapolating to high concentrations and
temperatures (Meissner, 1978).

Figures 5 and 6 show a comparison of these six methods versus
experimental data over a limited concentration range (0-6 m)
and then over a more-extensive concentration range (0-16 m).
The coefficients for each of the six methods were obtained from
the Handbook of Aqueous Electrolyte Thermodynamics (Zemaitis
et al., 1986).

While Table 2 and Figs. 5 and 6 all depict binary systems of a
single salt in water, all of these methods have straightforward
extensions for multicomponent systems which involve a sum of
the underlying binary interactions. Higher-order interactions are
generally unnecessary.

For uncharged species there is a much smaller body of work.
Table 4 provides a mathematical description of two formulations
which can be used for the activity coefficients of molecules in
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Figure 5 Mean activity coefficient versus ionic strength for HCl at

25°C using various methods (limited concentration range). (From Ze-

maitis et al., 1986.)

aqueous solutions. As with charged-species activity coefficients,
the two methods available both rely on the short-range interac-
tions between the molecular species and the individual ions in
solutions. The second method also provides for the interaction
of molecules with other molecules. The methods are as follows.

Setschenow—This formulation is based on the observation
that the ratio of the solubility of a nonelectrolyte molecule
in aqueous solution involving a single salt versus the sol-
ubility in aqueous solutions not containing the salt are pro-
portional to the salt concentration (Setschenow, 1889). This
observation is true largely for strong-electrolyte salts at
fairly low concentrations. Based on a growing body of data,
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Figure 6 Mean activity coefficient versus ionic strength for HCI at
25°C using various methods (extrapolated concentration range). (From
Zemaitis et al., 1986.)

Table 4 Activity Formulations for Neutral Species

S,
Setschénow: In vy, = 3,9 = km,
where S, is the solubility of the gas in pure water, S, is the solubility of
the gas in a salt solution, k is the Setschénow coefficient, and m, is the

concentration of the salt

Pitzer: In Yoy = 2Boim-myMm + 2Bom—syMs

where By, —m) is the Pitzer molecule-molecule or ion-molecule inter-
action for the neutral, and m,, is the concentration of the neutral species
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it appears that at higher concentrations the relationship is
not linear. However, the relationship in Table 4 is simple
and is a relatively easy form with which to regress available
data. The principal problems are that a good correlation
is lacking and, in many cases, the data are not available.
Much of the data that exist in this area has been compiled
by McDevit and Long, 1952).

Pitzer—This method, discussed earlier in the context of
charged species, again provides an excellent interpolative
framework for molecular activity coefficients (Pitzer, 1979).
The problem is that this method relies on the availability
of data and is applicable only over the range of the re-
gressed data. This is a limiting factor if one seeks to extend
the interaction to systems containing chemicals not present
‘in the original experimental system.

V. ESTIMATION OF THERMODYNAMIC
PROPERTIES

Much work has been done on the estimation of the thermody-
namic properties of species in the gaseous and organic liquid
phases. Such material has been discussed elsewhere in this text.
The subject of this section is the estimation of the thermodynamic
properties of species in the aqueous phase. We will, however,
discuss the estimation of solid-phase free energies, since the ther-
modynamic properties of solids enter in the calculation of solid—
liquid equilibrium constants.

With respect to the aqueous phase there is, as has been dis-
cussed previously, a fairly substantial body of experimental data
available with respect to thermodynamic properties. There is,
however, a great deal of chemistry of potential interest which is
not covered by experimental data. In general, the following can
be said on this subject.

Reference state—Much of the available data has been mea-
sured at the reference state of 25°C and 1 bar. The principal
gaps in the available data tend to be with respect to the
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thermodynamic properties of complexes, both charged and
neutral. The body of available data is sufficient to support
efforts to find estimation methods for determining many
of the properties not supported by available data.
Standard state—There is considerable data available on the
standard-state heat capacities and volumes of species in
aqueous solution. The body of available data is sufficient
to support efforts to find estimation methods for deter-
mining many of the properties not supported by available
data.

Excess—There is only a very limited amount of data avail-
able on the excess properties of species in aqueous solution.
As a result, the estimation methods tend to be rather prim-
itive and more inaccurate than those for the reference and
standard-state properties.

With respect to the solid phase, which will be discussed in Section
VI, we need be concerned only with the reference-state properties.

In the material which follows, we will separately discuss esti-
mation methods in each of these areas.

A. Aqueous Reference-State Properties

Traditionally, estimation of reference-state properties for aqueous
species, both ionic and neutral, has been difficult. Since 1987,
work has been going on at several institutions to develop esti-
mation techniques for reference-state thermodynamics. |

The two major efforts are directed in the area of determining
equilibrium constants for aqueous dissociation (Brown and Sylva,
1987a, b) and in the area of determining entropy, heat capacity,
and volume reference-state properties (Sverjensky, 1987). Each
effort now will be discussed in somewhat more detail.

1. Estimation of GR (Gibbs Free Energy of Reaction)
In the examples in Section III we can see that the ultimate ther-
modynamic quantity that we must have is the equilibrium con-

stant. We know from Eq. (36) (at the reference state) that the
equilibrium constant is related to the Gibbs free energy of re-
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action. We also know that the free energy of reaction is the
difference between the sum of the free energies of formation for
the products of a reaction and the sum of the free energies of
formation for the reactants of the reaction. We desire a method
to estimate the free energy of reaction (and thus the equilibrium
constant) when this free energy of formation data is lacking.

Brown and Sylva (1987a, 1987b) believe that there is a cor-
relation between the equilibrium constant for the equilibrium of
the type found in Eq. (42) and the fundamental construction of
the metal cation and the structure of the ligand.

where M is a metal cation and L is a ligand (for simplicity, the
charges have been left out).

The fundamental construction of the metal cation can be thought
of as how the electrons are arranged around the nucleus of the
metal cation. How many d electrons are there? How many p and
s electrons are there? Also affecting this correlation is the struc-
ture of the ligand. Is the ligand an oxyanion? Is the anion capable
of accepting more than one hydrogen (in the Brgnsted sense of
acids and bases)?

These two factors help determine the ‘“‘electronicity” of the
cation and the anion. This term, developed by Brown and Sylva,
is plotted against the log of the equilibrium constant for many
known dissociations. Thus, a slopg_and mtercept can be deter-
mined for any ligand for a given metal cation. This corrélafion
allows us to predict the equilibrium constant for an equilibrium
of the type in Eq. (42) just by knowing the structure and elec-
tronicity of the component ions.

In practice, the correlations are difficult to obtain. Electronicity
values are obtained from a series of equilibrium constants which
either have a constant ligand (for ligand electronicities) or a con-
stant cation (for cation electronicities). The equilibrium constants
must be at infinite dilution for accurate electronicities and in
practice are difficult to obtain.
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Once a reliable equilibrium constant has been obtained, u_t of
Eq. (13) can determine the Gibbs free energy of reaction. Then
the free energy of formation (at the reference state) for the com-
plex can be determined assuming that the free energy of formation
of the products of Eq. (42) are known.

2. Estimation of Reference-State Thermodynamic Properties
Other Than G®

Once the equilibrium constant (and hence the free energy of
reaction) is known or estimated, it is desirable to estimate the
remaining thermodynamic properties, heat capacity, entropy, vol-
ume, and enthalpy. Sverjenksy and co-workers have developed
a method to estimate reference-state entropy (as well as heat
capacity and volume) for reaction of Eq. (42). Using the known
equilibrium constant (which relates to the free energy of reaction)
and Eq. (43), one can calculate the enthalpy of reaction (and thus
the enthalpy of formation of the products and reactions).

AG=AH-TAS 43)

where G is the Gibbs free energy of reaction, H is the enthalpy
of reaction, and S is the entropy of reaction. T is the absolute
temperature in kelvin.

Sverjensky and co-workers have developed a method of cor-
relating the entropy (and heat capacity and volume) of reaction
for equilibria like Eq. (42) versus the absolute entropy of the
metal cation [M in Eq. (42)]. The entropy (and heat capacity and
volume) of many types of equilibria were plotted versus the ab-
solute entropy of the metal cation and several families of lines
appeared. These lines were of similar slope but differed in the
intercept value. These intercept values were, in turn, correlated
against the charge of the metal cation.

This correlation has worked very well for all conceivable metal
cations and all ligands with a charge of —1. Metal-ligand com-
plexes up to the type ML, have been correlated for all univalent
anions with the exception of hydroxide ion (OH~). Hydroxide
ion will correlate well only up to the first complex, ML, and no
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further. This may be due to the fact that the solvent, water, also
contains hydroxide ion.

A tentative (and as of August 1991, unpublished) correlation
for divalent ligands has been found. A reasonable correlation for
sulfates and carbonates has been found for entropy. The same
correlations for heat capacity are not as good, and for volume
they are almost nonexistent. This is probably due to the lack of
experimental data on dissociation constants near the reference
temperature.

The limitations of this technique are that it is limited to uni-
valent ligands up to the tetra-coordinated complex, up to
mono-coordinated complex for hydroxides, and limited to the
divalent anions SO3~and CO3%up to a mono-coordinated complex.

B. Aqueous Standard State Properties

In Section IV.C we discussed two methods for dealing with the
standard-state properties. In this section we will discuss estimation
methods which are useful when applied to each of these methods.

Method 1: Representing the Heat Capacities

In the first method, it was shown that the equilibrium constants,
a standard-state property of an aqueous reaction, can be predicted
based excluswely on reference-state partial mola} | Gibbs free ener-
gies, enthalpies, and heat capacities. However, there are’ two
reasons for wanting to estimate the heat capacity at temperatures

other than the reference state. Specifically:

1. Such an estimate would allow the equilibrium constant to
be refined by integrating the heat capacity function over
temperature rather than using the reference-state value as
an estimate over the whole range.

2. Accurate calculations of the enthalpy of a solution requires
that the heat capacity of the individual species, most no-
tably the charged species, be known or estimated as a
function of temperature.

A correlation for the heat capacity of ions has been provided
by Criss and Cobble (Criss and Cobble, 1964). Their general
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approach has been to correlate the heat capacity of various types
of ions with the reference-state entroples of the ions. The Criss
and Cobble equations are summarized in Table 5.

Method 2: Helgeson Equation of State

The second method involves the Helgeson equation of state for
the standard-state properties of species in aqueous solution. In
this method, we require the reference-state properties (estimation
methods have been discussed above) as well as the_seven (or three
if pressures are below 200 bar) equation of statgparameter “Vdlues
per species. In the work of Shock and Helgeson estimation meth-
_ods are presented for most species in solution except for com-
plexes (Shock and Helgeson, 1988). The estimation for many
classes of complexes is being prov1ded by Sverjensky (Sverjensky,
1987).

Of these two methods, the Helgeson equation of state is rec-
ommended because it applies to all thermodynamic properties of
interest and it can be applied to more species with broader ranges
of temperature and pressure.

In Fig. 8 we see a comparison of heat capacity predictions for
various species using the two methods.

C. Aqueous Excess Propetrties

As was noted above, there is only a modest amount of experi-
mental data available on which to base the excess properties.
Fortunately, there is enough to provide at least some rudimentary
estimation methods. Since the excess properties are really deter-

Table 5 Criss and Cobble Correlations for Heat Capacity

a\r, - Fz-s.(l - br,)
In(T,/298.15)

where T, = the temperature at the second temperature (K)

T,s = the temperature at the reference state (K)

ar; and b, = correlation coefficients based on the ion type
Cp = heat capacity

T, - TP(Ta) =

|
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mined by the activity coefficients, the methods described below
apply to the activity coefficients.

Method 1: Bromley’s Method

Bromley developed, based on available data, b; values at 25°C
for a substantial number of individual cation anion interactions
(Bromley, 1972). Bromley then used these data to develop linear
correlations with respect to ionic entropy for several broad classes
of ions (Bromley, 1973). A summary of these linear equations is
given in Table 6. These interaction correlations are often quite
coarse and, in particular, do not adequately cover interactions
involving most complexes.

Method 2: Model Substance

In the model substance approach, all interactions involving cat-
ions and anions of charge +1 and —1, respectively, are assumed
to be equal to that of the model substance, usually taken as NaCl
[Na*(aq) interacting with Cl-(aq) is used]. Since this substance
has been studied over very broad ranges of temperature, pressure,
as well as the complete soluble concentration range, the b, as a
function of temperature and ionic strength is well established by
experimental measurements. For 2:1 salts, the well-studied model
substance is CaCl, [Ca*?(aq) interacting with Cl~(aq)]. For 1:2,

Table 6 Bromley’s Estimation of Mean Activity Coefficients

In Bromley’s rcpresenﬁtion of the mean activity coefficient discussed
previously, the B term can be represented by
B=B, + B_ +3.,5_ ‘
where B, and 3, are constants for a specific cation and B_ and 3_ are
constants for an specific anion.
Bromley found that the B term could be correlated with entropy:
B‘ = 0‘3? + bl'
where B, is either B, or B_, a, and b, are coefficients specific for the
jon class under consideration and S is the reference-state entropy of the
ion. When the use of this correlation is required, the 8, and 3_ terms
are ignored.
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2:2, and other interaction categories, the model substance is less
clear. These model substances can be chosen either on the basis
of availability of experimental data or, if practical, on the basis
of a substance common to most of the systems of interest in one’s
own work.

Method 3: Meissner’s Method

One of the most interesting and useful methods has been provided
by Meissner (Meissner, 1978). In this method, a great deal of
available data on activity coefficients versus ionic strength for
binary salt—water systems has been correlated based on what
Meissner calls the reduced activity coefficient:

r - .Yl:/Z#l— (44)

where I' is the reduced activity coefficient, vy is the mean activity
coefficient, and Z, and Z_ are the charges on the cation and
anion, respectively.

When plotted on this basis, the reduced activity coefficient
versus ionic strength yields a family of curves. This family of
curves can be generated based on equations containing a single,
‘“Meissner q,” parameter. Given this family of curves, if one has
even a single experimental data point on activity coefficient and
ionic strength (e.g., at the solubility limit), that value can be
plotted and the Meissner g determined. Once the Meissner g is
determined, in principle all other points along the curve can be
determined.

The Meissner g value is used in the following equations to
generate mean activity coefficients:

e = (1.0 + B(1.0 + 0.1)* — B)I (45)

B = 0.75 - 0.065¢ (46)

log I* = -0.5107v7 @
1+

C = 1.0 + 0.055¢ exp(—0.0231P) (48)
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D. Solid Reference State Properties

This section explains the formalism for developing aqueous elec-
trolyte equilibrium models. A major limitation of applying the
models to process and environmental problems involving solids
are the gaps in thermodynamic databases for Gibbs free energies
of both solids and aqueous ions. Previous methods for predicting
the Gibbs free energies of solids have errors of 5 to 10 kcal/
mol or larger.

This means that the error in calculating the Gibbs free energy
of reaction can be larger than +5 to 10 kcal/mol because several
Gibbs free energies are summed in the calculation. The Gibbs
free energy of reaction is used to calculate the reactions equilib-
rium constant (K.,) as shown in Eq. (13). Note that the Gibbs
free energy of reaction is in the argument of the exponent func-
tion, so the error in K., increases very rapidly with the error in
Gibbs free energy of reaction. The ratio of “error” K., to “true”
K., is shown in Fig. 10 for a +2-kcal/mol error range in Gibbs
free energy of reaction (the heavy solid line). For example, the
ratio is 30 if the error in the Gibbs free energy of reaction is —2
“kcal/mol and is 0.02 kcal/mol if the error is +1 kcal/mol.

To carry this example further, consider how this error in Kq
propagates into error in the calculated solubility of a solid that
generates 1 mol of cations and 1 mol of anions upon solution,

such as
NaCl(s) = Na* + CI~-

The ratio of “error” solubility to “true” solubility is also shown
in Fig. 10 (light solid line). The ratio is 5.4 for —2 kcal/mol error
in Gibbs free energy of reaction and 0.43 for + 1 kcal/mol error.

A new correlation was recently published (Sverjensky and
Molling, 1992) that allows prediction of the Gibbs free energy of
crystalline solids with an accuracy of +1 kcal/mol. A three-
parameter correlation equation was developed for each isostruc-
tural mineral family. The correlation can then be used to estimate
values of Gibbs free energies for other members of the same

crystal structure family. .
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As an example, consider the 18 possible divalent metal car-
bonates. Calcite and aragonite (CaCO,) are the two dominant
crystal structures. There is sufficiently accurate thermodynamic
data to develop a correlation line for each crystal structure. Six
cations (Ca?*, Mg?*, Mn?*, Cd?*, Zn?*, and Fe?*) form the
calcite carbonate structure. Four cations (Ba2*, Sr>*, Ca?*, and
Pb?+) form the aragonite carbonate structure. From these two
correlations, it is possible to estimate the Gibbs free energy of
formation for all 18 divalent cation carbonates in both the ara-
gonite and calcite crystal forms.

CaCO; occurs in both the calcite and aragonite forms, but most
of the other cations do not form both structures. The estimation
procedure allows one to estimate Gibbs free energies for some
hypothetical compounds. These values can be used to predict the
stable crystal structure for compounds that present experimental
problems. Such a compound is RaCOj;. The estimated Gibbs free
energy of the calcite form is —266.9 kcal/mol, while that of the
more stable aragonite form is —272.0 kcal/mol. These hypothet-
ical values are also used in predicting the distribution of cations
between the aqueous phase and the coprecipitating solids solution
phase (Scrivner and Rafal, 1992). This estimation method is re-
ferred to as the linear free energy method. Currently this linear
free energy method is used only at 25°C, but it can be extended
to higher temperatures. The method should be useful in predicting
accurate values for aqueous ions (at 25°C and at higher temper-
atures) when the thermodynamic properties of the solids are ac-
curately known.

VI. WRITING THE GENERAL MULTIPHASE
MATHEMATICAL MODEL

In Section III we discussed preparation of the basic aqueous-phase
model. This model can now be coupled with the thermodynamic
equilibrium equations describing the equilibrium of additional
phases with the aqueous phase. In this section we will describe
how to couple one or more solid phases, a vapor phase, and a
nonaqueous liquid phase. Of particular interest will be the ther-
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{nodypamically consistent modeling of the multiphase behavior
in which different standard states are used for the aqueous and
nonaqueous phases.

A. Incorporation of One or More Solid
Phases

In this section we consider the addition of one or more pure solid
phases. A solid phase is said to be pure when it is independent
of all other solid phases. The activity of a solid in such a phase
is always unity. Thus, for each sure pure solid, we augment our
aqueous-phase speciation model with precisely one new inde-
pendent equation. This equation is the solid—aqueous physical
equilibrium reaction. The starting point in writing this equation
is to write a general equilibrium reaction for such an equilibrium:

S,- = P1P1 + szz + -+ ppPp (50)

It is necessary that we show multiple species on the right-hand
side of this equation, because in the aqueous phase most solids
dissociate into one or more species.

If we apply the thermodynamic relationship (10), which pro-
vides for the equality of chemical potential across phases in phys-
ical equilibrium, we then get

P

Gs, = 2, Gp, (51)

i=0

Expanding, based on earlier relationships, we get the equation

Ks = ('YanPl)p (‘Yhmha)m e (’YPmer)" (52)

where a, is the activity of the solid. Since the solid phase is as-
sumed to be ideal, a, = 1.0 and the equation is further simplified.

This equation is the required addition to our aqueous-phase
model which couples in the solid.
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With respect to the term Gg;, the following thermodynamic
formulation should suffice:

T P
Gs, = GE — SK(T - T")+L*deT+ L.Vdp (53)

Using the Maier-Kelly representation of the heat capacity with
respect to temperature (Kelly, 1960):

Cp = a + azT - ;_32 (54)

and using the assumption that V = V® we get the closed form,
R 'R R T l l
Gs, =G - S3(T-T*)+a, |T-T n\ &

ay — o, T(TRXT — TR)
2T(TR) + VR(P — PF)

(55)

In addition to this equation, one must be quite careful to augment
the material balances, described in section III, with the inclusion
of terms reflecting the amount of excess solid present in the so-
lution.

There is one very significant problem which arises with the
above formulation. Specifically, this equation holds only when a
particular solid has saturated the solution. In other words, if an
amount less than the saturation amount is present in the solution,
the above equation does not hold and should not be included in
the model. One way to handle this problem is to start a calculation
without any solid—aqueous equilibrium, and then, based on the
resulting speciation and aqueous-phase activity coefficients, to
compute the value of the equilibrium constant. If this value is
greater than the thermodynamic equilibrium constant, this solid—
aqueous equation should be included and the system recalculated.
Of course, when multiple solids compete for the same ion(s), the
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situation can become quite calculated and a number of iterative
solutions may be required to figure out just which solids occur.

With respect to the basic aqueous model, there is one important
consideration. Specifically, the material balances must be aug-
mented for the presence of any solids which, due to saturation
of the solution, actually come out of solution. In other words,
one or more pure solids streams may emerge from the system
after equilibrium.

A simple illustration of solid—aqueous equilibrium is provided
by the salt CaSO,-2H,0 (gypsum). Applying Eq. (52), we obtain

Kecasos * 210 = (Year+Mcaz+)(Y36,M36,)(11,0)° (56)

B. Mixed Equation of State Model

There is a considerable body of work which has been done on
nonaqueous systems thermodynamics. Much of this work, con-
cerning molecular species in a vapor and/or nonaqueous liquid
phase, has been cast in the form of equations of state. The SRK
(Soave-Redlich-Kwong) methods are typical of these equations
of state (Soave, 1972). One of the significant benefits of using
such a method is that the equation of state parameters for indi-
vidual species have been correlated so that they can be estimated
for species for which experimental measurements have not been
made. This can be particularly useful for the many nonelectrolyte
organic chemicals of environmental concern in wastewaters. Thus,
the objective of most aqueous modelers has been to use the ex-
tensive body of work on the nonaqueous systems when dealing
with multiphase systems containing an aqueous phase.

There is a significant problem which arises at this point. Spe-
cifically, nearly all of the nonaqueous thermodynamic formula-
tions are based on a different standard state than the one de-
scribed earlier for aqueous systems. Activity coefficients are also
usually based on different conventions. For review purposes, these
differences are highlighted below.

Aqueous standard state— A hypothetical 1 molal solution
of the solvent at unit activity extrapolated to infinite dilution.
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Nonaqueous standard state—The pure ideal gas.
Aqueous activity coefficients—Based on the asymmetric
convention in which the activity coefficient approaches un-
ity when the species molality approaches zero.

4. Nonaqueous activity coefficients—Based on the symmetric
convention in which the activity coefficient approaches un-
ity when the species mole fraction approaches unity.

W N

There are now two approaches which can be taken. In one
approach, there is some attempt to reconcile these differences.
In these so-called local composition methods, a symmetric con-
vention is imposed on the aqueous-phase activity coefficients.
This approach has the virtue of allowing for multisolvent inter-
polative models to be built, but now the by interaction terms must
be developed for each cation—anion pair with respect to each
solvent present, including, of course, water. This leads to a very
large number of regression coefficients and the concurrent need
for considerable experimental data.

A more predictive approach is to couple the phases via a mixed
equation of state model. In this approach, we accept the differ-
ences noted in 1-4 above and we reconcile the differences in the
standard state by an equilibrium constant. Once this is done, the
excess, or activity coefficient-based, terms can be computed based
on the separate conventions noted above. With this approach the
best equations of state for both aqueous and nonaqueous phases
and their associated correlations can be used to describe the phases
which they were designed to describe. The equilibrium constant
is thus the quantity which reconciles the differences in a ther-
modynamically consistent way.

At this point, we can write the following equation to describe
the equilibrium between a molecule in aqueous solution and a
molecule in either a vapor or nonaqueous liquid phase:

M, q =M, (57)

q

We are assuming in this treatment that whenever there is equi-
librium involving a molecule in a nonaqueous phase, there is a
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corresponding molecular species in the aqueous phase. The spe-
cies may, in fact, be a weak electrolyte, partially dissociated in
the aqueous phase, but the assumption is that there will always
be at least some presence of the molecular species in the aqueous
phase. Two examples of such physical equilibria are

COy(g) = CO(aq)
CeHe(l) = CsHs(ag)
As noted previously, the governing thermodynamic equation which

describes the physical equilibrium for Eq. (57) is Eq. (11), which
in this case reduces to

ENﬂIIl = Tq, (58)

Note that the equilibrium constant is introduced because of the
difference in the standard states. In other words, G for the aqueous
phase and the nonaqueous phases is different. It is also interesting
to note that although liquid-liquid equilibrium is usually repre-
sented in the literature by the equation

aNaqi = aaq‘- (59)

in our treatment the correct equation is

P (60)
where K}, is the equilibrium constant (also termed the distribution
constant) between the nonaqueous and aqueous phases. This is

the essence of the mixed equation of state approach.
The straightforward application of Eq. (60) for CO,(g) and

CsHg()) provides:

aCOz! aq)
dcous) ©D

aC&Hﬁ aq)
AceHe() 62

Kcoxg) =

KCeHs(z) =
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In the following sections we discuss a more detailed represen-
tation for both the vapor and nonaqueous liquid phases, respec-
tively.

1. Incorporation of a Vapor Phase

In this section we consider the addition of a vapor phase to aug-
ment the basic aqueous-phase speciation model. Unlike the sit-
uation when we added the solid phases, we will consider only a
single vapor phase. In addition, this phase, in equilibrium with
the aqueous phase, will be multicomponent and thus have its own
speciation to be determined. The vapor phase is incorporated by
the following sequence of steps.

Step 1: Write an equation, based on Eq. (58), to describe the
physical vapor aqueous phase equilibrium for each molecular species
which can form in the vapor phase. Using the equilibrium constant
form which we have utilized earlier, these equations are of the form

Kip = 4175 (63)

where f;, are the fugacity coefficients (analogous to the activity
coefficients in the aqueous phase), which represent the nonideal
(excess) free-energy effects in the vapor phase. The y; terms are
the vapor-phase mole fractions for each species in the vapor phase.
Step 2: Write a single equation describing the fact that the sum of
the y, mole fractions is equal to unity. This equation has the form

:‘;‘:y,=1 (64)

Step 3: Add the appropriate terms to the material balances. For
a given individual species, these terms will be of the form

aylV

where c; are the appropriate coefficients describing the number
of times the particular balancing element or group appears in the
molecule and V is the total vapor rate.
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What we have done is to add a total of nM + 1 equations to
our system to cover the nM + 1 new variables (y,,i =1,2,.. .,
nM, and V).

As with the solids, there is the problem of phase existence.
The recommendation is that where a vapor phase may occur, the
appropriate equations should be included and solved for. If the
solution to the nonlinear equation set is persistently trying to drive
the vapor rate, V, negative, then the equations describing the
vapor phase should be eliminated and the y, variables and V
should be set to zero and the diminished equation set solved for.

Using the binary system H,O and CO, as an example, Eq. (63)
can be applied as follows:

YCO2aq)MCO2(a
K, = 65
cozD feoxg)YcoxgP (65)
a
K = — HO 66
e S0 mo@P (66)

Equation (64) becomes

Yco: + Ymo = 1 (67)

The elemental hydrogen and carbon balances would contain the
terms of the form 2yy,oV and yco,V, respectively.

2. Incorporation of a Nonaqueous Liquid Phase

In this section we consider the addition of a nonaqueous liquid
phase to augment the basic aqueous-phase speciation model. Like
the situation when we added the vapor phase, we will consider
only a single nonaqueous liquid phase. As with the vapor phase,
the nonaqueous liquid phase in equilibrium with the aqueous
phase will be multicomponent and thus will have its own specia-
tion to be determined. The nonaqueous liquid phase is incorpo-
rated by the following sequence of steps.

Step 1: Write an equation, based on Eq. (58), to describe the
Pphysical nonaqueous phase—aqueous phase equilibrium for each
species which can occur in the nonaqueous liquid phase. Using
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the equilibrium constant form which we have utilized earlier,
these equations are of the form

K, = v.-(azl)xr:l;)(aq) 68)

where f; are the fugacity coefficients (analogous to the activity
coefficients in the aqueous phase) which represent the nonideal
(excess) free-energy effects in the second liquid phase. The x;
terms are the second-liquid-phase mole fractions for each species
in the second liquid phase.

Step 2: Write a single equation describing the fact that the sum
of the x; mole fractions is equal to unity. This equation has the
form

nM
,.21 x =1 (69)

Step 3: Add the appropriate terms to the material balances. For
a given individual species, these terms will be of the form

cx; L

where ¢; are the appropriate coefficients describing the number
of times the particular balancing element or group appears in the
molecule and L is the total vapor rate.

What we have done is to add a total of nM + 1 equations to
our system to cover the nM + 1 new variables (x;,i = 1,2, ...,
nM, and L).

As with the solids, there is the problem of phase existence.
The recommendation is that where a nonaqueous liquid phase
may occur, the appropriate equations should be included and
solved for. If the solution to the nonlinear equation set is per-
sistently trying to drive the nonaqueous liquid rate, L, negative,
then the equations describing the nonaqueous liquid phase should
be eliminated and the x; variables and L should be set to zero
and the diminished equation set solved for.
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VI. AN ILLUSTRATIVE EXAMPLE

It is now useful to pull together the above material and to write
a complete mathematical model for the three-phase equilibrium
involving H,0, CO,, NaCl, and CaSO,. In this model we will
consider the vapor, aqueous, and the single independent solid
phase, CaSO, - 2H,0.

Let us consider the following equilibria. We will not consider
how to arrive at a valid set of equilibria to represent the chemistry,
rather on how to write a valid set of nonlinear equations which
represents the chosen equilibria.

CaSO, 2H,0(s) = Ca?* + SO%~ + 2H,0 (70)
CaSO4(ag) = Ca?* + SO2- (71)
CO(aq) + H,O(/) = H* + HCO; (72)
CO,(g) = COy(aq) (73)
H,O(!) = H* + OH~ (74)
H,0(g) = H,0()) (75)
HCl(ag) = H* + CI- (76)
HCl(g) = HCl(ag) (77)
HCO;- = H* + CO3- (78)
HSO,~ = H* + SOI- (79)
NaSO,~ = Na* + SO32- (80)
Now write the equilibrium constant equations for Egs. (70)-(80)
Keasoe21:0 = Year*Mca+¥so3-mSOZ~aH,02 (81)
Keasouagy = Ycaz+Mca2+Ysot-Msoi- (82)
YCasO(ag)MCasOu(aq)
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Y+ My +Yacos MHcoo;
Kcoxeqy = (83)
coxe) YCO2(egYTCOag)H20
Koo = Y002aq)MCOx(ag) (84)
feougyYcounP
Yu+Mu+You-Mou-
Ku;:0009) = - aﬂ: (85)
an,0
K = (86)
® " fuowYmowP
= ’YH*mH*'YCI‘mCI‘ (87)
YHCU(agY P HCl(aq)
YHO HCl
K = 88
Ha® h HCI(g)YHCl(g)P ( )
_ Yu+Mu-+Ycoi-Mcoi-
Kucos = YHcos Mucos (89)
_ = YueMu+Ysoi-Msoi- 90
Kusos Yusoi Musos 40)
YNa+MNa +Yso3-Msoi~
Knssor = 91)
NasOs YNasOi MNasOs (

Based on these equations, we have the following unknowns to
solve for:

NCaCOw2H200 PH200 YH209 YHCH YCO2 Mcaz+> Msot™s
MCasOu(ag)r MCOxag)r MOH-> MHCIag)» McOd™> Mysos s
MNasoi s Ma+> Ma-», Mu+, Mucos |4

for a total 19 unknowns. Counting the equilibrium constant equa-
tions above Egs. (81)-(91), we have 11 equations and need to
develop eight more.
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Now we can write a charge balance

2mc.z+ + My + My» = 2mso§‘ + Mycos
+ mou- + Ma- + 2Mcoj- + Musor + Myasor 92)
We now have 12 equations and require seven more. We know
that the mole fractions of all the vapor species must add up to

unity (this is the definition of mole fractions), so we can write
Eq. (93):

(93)

We now have 13 equations and require six more.

We can write material balance equations for the total amounts
of carbon, chloride, calcium, sulfate, sodium, and hydrogen. These
balances look like the following (please note that we are con-
tinuing to use the conventions used earlier):

Carbon (Mcosaq + Moot~ + Mucos) *Wk

+ Yco: * V = F CO2(aq) (94)

Chloride: (MuaEy + ma-) *Wk

+ yua ' V = Fua + Fua (95)
Calcium: (mm(aq) + mc.u) *Wk

+ Rcasoczo = Feasos (96)

Sulfate: (Mcasouag) + Msoi- + Musoi

+ Myasor) *Wk + nessosanzo * 97

Sodium: (98)
HYdrogen (mH¢ + MyCi(aqg) + Mysos

+ Myco,- + mOH-) *Wk (99)

+ V(2yn0 + Yua)
+ 4ncwsosao = 2Fmo
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Remember that Wk is equal to ny,0/55.50868 and that n, is the
total number of moles of species i.

These six material balance equations complete the set necessary
to model the chemistry mathematically. We now have

11 equilibrium equations + 1 charge balance
+ 1 vapor balance + 6 material balances = 19 unknowns

If you were to change the chemistry, let’s say by adding a new
chemical species such as CaOH*, you would be adding one new
unknown (for new total of 20), then adding one new equilibrium
expression (for a new total of 12), but you would not be adding
any new material balances, just augmenting the charge, calcium
and hydrogen balances, so the new relationship is

12 equilibrium equations + 1 charge balance
+ 1 vapor balance + 6 material balances = 20 unknowns

This is the requirement for developing a set of nonlinear equations
to solve.

VIll. SOLVING THE MATHEMATICAL MODEL

Previous sections have dealt with developing an equation set to
describe the speciation of an aqueous solution, and how to find
(or estimate) the thermodynamic data necessary to satisfy the
deterministic model. This section will tie these together so that a
quantitative model can be developed and solved. The resulting
rigorous thermodynamic model can be used to provide under-
standing of an aqueous system.

A. Using General Equation-Solving
Software

General equation-solving software can be used to solve mathe-
matical equations for an aqueous model. They do not, of course,
provide the underlying thermodynamic coefficients for the chem-
istry involved; the user must have these available.

The equations to be solved are nonlinear and difficult to solve.
Many programming options exist, ranging from programming the
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entire model and numerical solutions algorithm to solving a greatly
simplified model using a computer spreadsheet program such as
Lotus 1-2-3. The most practical and accurate methods fall between
those extremes. Packaged subroutines and programs to solve sets
of nonlinear equations are numerous, including IMSL libraries
and Mathematica for mainframe applications and PC-based pro-
grams such as TK Solver and Eureka. Most of these are based
on Newton-Raphson type algorithms.

TK Solver Plus, by UTS (Universal Technical Systems, Inc.,
Rockford, Illinois), is probably the most straightforward of all
the programs to use. No programming (in the traditional sense)
is necessary. TK Solver Plus uses a declarative language; that is,
equations can be entered into the system “as is” and do not have
to be explicit in any particular variable. A simple binary TK Solver
Plus model describing the equilibrium for HCl in H,O is shown
in Fig. 11. The reader should not be concerned with the data used
in this example model, but rather should study the structure of
the model.

One particularly useful feature of TK Solver Plus is the ability
to “switch variables.” This should be a feature one looks for in
any equation-solving software. The model developed should in-
volve a square (m X m) solutions matrix—that is, the number
of unknowns equals the number of independent equations. It does
not matter which m variables are unknown, so long as the known
values and the solution values are within a range that provides
real answers. The ability to fix variables which are usually con-
sidered unknowns, such as pH or partial pressure, allows one to
calculate bubble-point pressures, saturation concentrations, feed
component rates necessary to attain a desired pH, and many other
important “input” variables. This feature was used in the HCV
H,O example presented in Fig. 11. The total amount of vapor
was fixed (V = 0.0001), and the pressure was unknown. The
result is the bubble-point pressure of a 3 m HCl solution at 25°C.

Once the equation set has been developed, the two most sig-
nificant problems encountered while programming and solving
electrolyte models are (1) the nonlinearity of the equations, and
(2) the dynamic range of the variables. The example in Fig. 11
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VARIABLE SHEET
Name— Output— Unit [ 13

8t Input
3

F_MC) gmol HC) feed
35.81 F_H20 gmol H20 feed
298.16 ™ KXelvins Temperature
P .0279199) atm Pressure
1389800 K_NHC1 Equil const: HCl(aq) = H(+) + C1(-)
1.46 K_HClva Equil const: HCl(vap) = HCl(aq)
1.01E-14 K_H20 Equil const: H20 = H(+) 4 OM(=)
31.78 K_H20va Equil const: H20(vap) = H20
»_H 3.0832024 molal H(+) ion concentration
»n_OH =3.604E~% molal OM(-)}) ion concentration
»_Cl 3.0832024 molal Cl({-) ion concentration
n_HCl 9.8158E-6 molal HCl (aq) concentration
H20 5$4.009905 gmol Moles of water
.887 av Water activity
1 3.0832024 molal Ionic strength
pH ~-.6377377 Solution pH
1 phi Gas phase fugacity coefficient
.0001 v gmol Moles of gas
y_R20 .99966714 Vapor mole fraction H20
y_RCl .0003328¢ Vapor mole fraction HCl
g_H 1.4084312 H(+) ion activity coefficient
g_OH 1.4084312 OH(~-) ion activity coefficient
9_Cl 1.4084312 Cl(-) ion activity coefticient
g_RCl 1.3822827 HC1l(aqg) activity coefficient
gamna 1.4084312 Helgeson Mean Activity Coefficient
.5091 A_gam >
1 zI >
=1 21 >
LAMBDA 3.8189071 >
GAMMA  -.0457491 > Helgeson parameters
.139 b_gam >
mstar 6.1664048 >
4.89E-8 ao >
32830000 B_gam >
GAM_G -62.41999 >

.108 k_HCl L Setchenow coeff for HCl(aq)
2.237 = ——my 3———-- G888 coONstant

Figure 11 TK! Solver model for HCVH,O

clearly shows the dynamic range problem; the model must con-
sider numerical values ranging from 1.4E + 6 (Kq) to 1.0E —
14 (Ku.0). The combination of these two problems makes the
-solution of electrolyte speciation models by traditional techniques
extremely difficult. One technique that can be used to minimize
the impact of these problems is to linearize the model equations
by transforming them into logarithms. This transformation con-
verts exponents into coefficients and shrinks the dynamic range
by many orders of magnitude. A useful exercise for the reader
would be to program the example in Fig. 11 both as shown and
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RULE SHEET
S Rule
”
. Step 1: Write equilibrium constant equation for each of the
" independent chemical reactions and/or vapor-liquid
. equilibrium relations.
L
* K_H20 = g_Hem_Heg_OHem_OH/aw
* K_HC1 = g_Hem_Heg_Clem_Cl/g_HCl/m_HCl
* X_H20vap = aw/phi/P/y_#H20
* X_HClvap = g_HCl*m_HCI/phi/P/y_HC1
-
" Step 2: Write an electroneutrality equation.
L]
*nH=mun0OH+ mCl
-
. Step 3: Write a sufficient number of material balances to "complete
. the model”.
-
* P_HCl = (m_Cl + m_HC1)*H20/55.508 + Vey HCl
® 2¢F_H20 = 24H20 + (p_H + m_OH)*H20/55.508 + 24Vsy H20 + Vey_HCl
L
" Step 4: Write equation describing the sum of the vapor phase
" mole fractions is equal to unity.
L]
* y HCl + y H20 = 1.0
L]
" Step S: Complete the model by including additional equations
" to describe remaining unknowns (such as ionic strength,
. PH, and activity coefficients).
"

"...for ionic strength
I=0.5*(m_H + m_OH + m_Cl)
"...for pH
PH = -log(g_H*m_H)
", ..for actIvity coefficients
1n(g_HCl) = k_HC1 * m_Cl
" Helgeson equations used for this aodel
log(gamma) = -A_gam ¢ abs(2i*Zl) * sqrt(abs(I))/LAMBDA + GAMMA + b_ganm*l
GAMMA = GAM_G/2.30)/R/TK
GAM_G = -2.30)*R*TK*l0g(1.0+0.0180153nstar)
mstar = 2.0%%
LAMBDA = 1 + ao*B_gam*sqrt(abs(I))
gamma = g_H
gamma = g_OH
gampa = ¢g_Cl

» »

*

LN 2 2 2B I 2R 28 2

. Note: The use of the term ‘sqrt(abs(I))' in the above equations

- is to facilitate convergence. With some initial guesses,

" *I' becomes negative during the convergence causing a

b fatal math error. The use of the ‘abs' operator allows

" variable I to venture into negative space prior to -onvergence.

then in linearized form. The difference in “ease of convergence”
will quickly become obvious.

The model in Fig. 11 shows the equations and data necessary
to build a simple HCI-H,0 model. The generalized methods
discussed throughout this chapter become very complex when
considering multicomponent systems, particularly with regard to
activity coefficients. In Fig. 11, the individual ion activity coef-
ficients are set equal to the mean activity coefficient. This sim-
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plification can be made only for binary systems. An excellent
discussion of multicomponent activity coefficients is provided
elsewhere (Zemaitis et al., 1986). For multicomponent problems,
a commercial software package should be seriously considered.

B. Using Aqueous Simulation Programs

Aqueous simulation programs provide for both the solution of
the aqueous model and for the insertion of the appropriate ther-
modynamic coefficients. Of course, each program is limited by
the scope of the chemistry in the database made available to the
user.

At least 20 different commercial programs available from var-
ious university and private sources are designed specifically to
solve aqueous-phase speciation models. Some of these programs
include ProChem/ESP, Aspen Plus, ECHEM, EQUILIB, EQ3/
EQ6, MINTEQ, PHREEQE, WATEQ4F, SOILCHEM, COM-
ICS, ECCLES, HALTAFALL, MINEQL, MINIQUAD, SCOGS,
SOLMNQ, GEOCHEM, ESTA, CHEMEQUIL-2, EQUIL, and
IONPAIR. This list is in no way intended to be complete, and
the authors apologize for any programs that may have been omit-
ted. Some attempts have been made to compare these programs
(Mangold and Tsang, 1991; Duffield et al., 1991; Nordstrom et
al., 1979). All reviews agree that to compare all commercial aqueous
simulation codes would be a very difficult task.

There are at least four very important considerations in choos-
ing a commercial aqueous simulation program. First, and without
question most important, is the database. Even the best solution
algorithm will generate incorrect and misleading answers if the
database contains incorrect thermodynamic data. Some of the
questions to ask of a commercial database include:

How extensive is the database?

Where did the data come from?

Are the data references available?

Are there estimation techniques programmed?
Has the database been validated?

Can proprietary databases be developed?
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Are there regression capabilities for developing thermody-
namic parameters from proprietary data?
Is the database internally consistent?

The second consideration has to do with structure of the pro-
gram, whether it is a chemical speciation analysis or a reaction
path analysis. Each structure has advantages, depending on the
desired results. In general, a chemical speciation analysis is most
useful for traditional equilibrium problems and a reaction path
analysis is most useful when kinetics become important or are the
controlling phenomena. Ideally, the program should be able to
consider both.

A third consideration is the question, “Does the model equa-
tion set include a charge balance”? Some of the available pro-
grams do not.

Yet another consideration is the “front end” of the program.
The previous sections of this chapter have shown the complexity
of aqueous electrolyte equilibrium models. Does the commercial
software help a user define the chemistry and all the constituent
ions? Does the commercial software write the equations and com-
pile them? Does the commercial software search the database and
organize the thermodynamic data for solution of the problem? Is
the program “‘user-friendly” or “user-hostile”?

Commercial electrolyte modeling programs usually pay for
themselves quickly, allowing an engineer to bypass the writing
and debugging of a program and proceed directly to what he or
she has been asked to do—solve the problem!

IX. NOMENCLATURE

ay,0 = activity of water
a; = activity of species i
ar, = Criss and Cobble coefficient at T,
a, = Helgeson equation of state parameter (cal/
mol/bar)

a, = Maier-Kelly heat capacity coefficients J/mol/
K
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cr

. O
Cp, Cp?®, CpE

ACps*

fl,phm

n
F,

Rafal

= Helgeson equation of state parameter (cal/

mol)

Maier-Kelly heat capacity coefficient (J/mol/
K?)

Helgeson equation of state parameter (cal-
K/mol/bar)

Maier-Kelly heat capacity coefficient J-K/
mol

= Helgeson equation of state parameter (cal-
K/mol)

= Debye-Hiickel radius term (A)
Debye-Hiickel constant

aqueous-phase designator

Generic ion—ion interaction term
Helgeson ion—ion interaction term

Criss and Cobble coefficient at T,
Bromley B ion—ion interaction term
Helgeson ion—molecule interaction term
Bromley cation and anion terms

Pitzer ion—ion interaction term

Helgeson equation of state parameter (cal/
mol/K)

= Helgeson equation of state parameter (cal-

K/mol)

= crystal-phase designator (also referred to

as solid phase)

= Pitzer ion—ion interaction term
= partial molal heat capacity at constant

pressure for the sum, standard state, and
excess for species i (J/mol/K)

= standard-state heat capacity of reaction at

the reference state (298.15 K, 1 atm; J/mol/
K)

= Fugacity of species i in the designated phase
= Pitzer fugacity coefficient
= amount of inflowing material i (mol)
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g = gas-phase designator (also referred to as
vapor phase)

G, G?, GE = partial molal Gibbs free energy for sum,
standard state, and excess for species i (J/
mol) ‘

GE = excess partial molal Gibbs free energy at
the reference state (298.15 K, 1 atm; J/mol)
AG,® = standard-state partial molal Gibbs free en-
ergy of reaction at the reference state

~ (298.15K, 1 atm; J/mol)
AGR® = standard-state partial molal Gibbs free en-

_ __ __  ergyof reaction (J/mol)

H,, H?, HE = partial molal enthalpy for sum, standard

state, and excess for species i (J/mol)

standard partial molal enthalpy of reaction

at the reference state (298.15 K, 1 atm; J/

mol)

I = ionic strength (molality)

I = true ionic strength (corrected for ion com-
plexation, molality)

k = Setchenow coefficient, obtained by plot-
ting Sy/S, versus molality of the salt solu-
tion

K = symbol designating the equilibrium con-

stant (see Section II)

vapor/aqueous or nonaqueous/aqueous

distribution coefficient [see Eq. (60)]

| = liquid-phase designator

L = refers to an anion (ligand)

L = total nonaqueous liquid (mol)

m; = molality of species i (mol/kg water)

= refers to a metal cation

stoichiometric coefficient of product i

pressure (bar or atm)

= generic term for product i

partial molal property of species i

= excess partial molal property of species i

AHR?

Kp

]

Di
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