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DISCLAIMER

The information in this document has been funded wholly or in part
by the United States Envirommental Protectién Agency under Contract No.
68-03-3089 to Battelle, Pacific Northwest Laboratories. It has been
subject to the Agency's peer and administrative review, and it has been
approved for publication as an EPA document. Mention of trade names or
commercial products does not constitute endorsement or recommendation
for use.

The MINTEQ computer code has been tested against other computer
programs to verify its computational accuracy. Nevertheless, errors in
the code are possible. The U.S. Envirommental Protection Agency assumes
no liability for either misuse of the model or for errors in the code.
The user should perform verification checks of the code before using
it. :
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FOREWORD

As environmental controls become more costly to implement and the
penalties of judgment errors become more severe, environmental quality -
management requires more efficient analytical tools based on greater
knowledge of the environmental phenomena to be managed. As part of
this Laboratory's research on the occurrence, movement, transformation,
impact, and control of envirommental contaminants, the Technology
Development and Applications Branch develops management or engineering
tools to help pollution control officials achieve water quality goals.

Concern about environmental exposure to heavy metals has increased
the need for techniques to predict the behavior of metals entering
natural waters as a result of the manufacture, use, and disposal of
commercial products. Previously, mathematical models have been developed
to provide data on aquatic geochemistry, including metals speciation at
equilibrium. The modeling technique described in this manual combines
the best elements of two of these models and permits the user to examine
-what species of a metal are likely to be present under different chemical
conditions in a water body. Because different species of a metal cause
different biological effects, this model should help users better relate
metals concentration and aquatic chemistry to observed effects.

William T. Donaldson

Acting Director

Environmental Research Laboratory
Athens, Georgia
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ABSTRACT

MINTEQ is a computéf program for computation of gedchemical equilibria.
MINTEQ was developed for incorporation into.the Metals Exp;sure Analysis
Modeliﬁg System (MEXAMS) a modeling system fof the asseésment of the fate
and migration of selécted priority pollutant metals in aquatic systems.

MINTEQ combines the best features of two existing geochemical modéls,'
MINEQL and WATEQ3. The mathematical st¥ucture was taken from MINEQL. -The
WATEQ3 features were added to this basic st?uctute. The main features
obtained from WATEQ3 are the well referenced thermodynamic data base,
-temperature correction of equilibrium constants using either the Van't Hoff
relationship or ana;yqical expressions fpr the equilibrium cgnstants as a
function of temperature, and ionic strength correction using either the'
extended Debye-Huckel equation or the Davies equation. Six different
adsorption algorithms were added: 1) ;n'”activity"AKd, 2) an “activity”
Langmuir équation, 3) an "activity” Freundlich equation, 4) an ion exchange
algorithm, 5) a constant capacitance surface complexation model, and 6) the
tripie layer surface complexation model. 1In addition; a large number of
user oriented features such as_the ability to handle alkalinity inputs, an
initial mass of solid, and different analytical input units were incorporatéd.

This report was submitted in fulfillment of Contract No. 68-03-3089 by
Battelle, Pacific Northwest Laboratories under the sponsorship>of ;he U.S.
Environmental Proteccion Agency. This report covers a period from September

14, 1981 to August 31, 1983, and work was completed as of August 31, 1983.
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SECTION 1
INTRODUCTION

This'reporf describes MINTEQ, a compdter program for computation of
geochemical equilibria. MINTEQ combines the best features of its pfecursors
MINEQL (Westall et al. 1976) and WATEQ3 (Ball et al. 1981). Financial support
for the developmént of MINTEQ has come from several sburces. Development of
the original NATEQ3 data base (Ball et al. 1981) was done by the United States
Geological Survey (USGS). Development of the mathematical structure in MINEQL
was suppbrted under an earlier project funded by the Environmental Protection
Agency (EPA). Incorporation of the WATEQ3, features and adsorption algorithms
into the MINEQL mathematical structure was performed as part of-EPA Contract
No. 68-03-3089. The objective of this contract was to develop a predictive
methodology for the assessment of the migration ahd fate of priority poliutant
metals in aquatic systems. To meet fhis objective, MINTEQ was coupled with
EXAMS, the Fxposure Analysis lModeling System, through a user interactive
program. The complete geochemical-transport modeling system is called VEXAMS,
the Metals Exposure Analysis Modeling System. A separate report entitled .

MEXAMS - The Metals Exposure Aﬁa]ysis Modeling System provides guidelines for
the use of MINTEQ. This report pfésents the chemical and mathematical concepts
embodied in MINTEQ. Since the mathematical structure iﬁ MINTEQ is the same as
in MINEQL, Westall's (1976) original notation will be used in this report.
MINTEQ provides a great deal of flexibility in the way the user defines

the chemistry of the system being modeled. Although one does not need to



master the concepts presented in this report to effectively use MINTEQ, a basic
understanding of the program will allow experienced’users to solve a very broad .
" range of chemical equilibrium problems. It is recommended that the user begin

by reading the report entitled, MEXAMS - The Metals Exposure Analysis Modeling

System.

This report is divided into three major sections.,.The first section
describes the equatiéns for computing equilibria with reéard to aqueous
speciation, adsorption and solid phaées. Theiéecond section describes the
numeéica] metﬁods employed to solve the chemical equilbrium problem and the
third section describes the thermochemical values which constitute the data

base.



SECTION 2
CONCLUSIONS

The geochemical model MINTEQ is capasle of ca]ch]ating equilibrium.aqueous
speciation, adsbrption, gas phase part{tionihg, solid phase saturation states
ahdAprecipitation/disso]ﬁtion. MINTEQ combines the besf featufes of two
geochemical precursors; MINEQL and WATE(3. MINTEQ can solve a much broader
range of»chemica] equilibrium problem§ than WATEQ3, is more user-oriented than
MINEQL, contains a well referenced thermodynamic data base, and contains six
different algorithms for calculating adsorption.
| MINTEQ, 1ike MINEQL, has a general mathematical approach to solving the‘
chemical équilibrium problem. .The general mathematical approach allows MINTEQ

to solve a broad range of chemical equilibrium probiemS)



SECTION 3
RECOMMENDATIONS

The capabilities of MINTEQ would be extended if the thermodynamic data for
aqueoué species and solid phases of édditional elements were added to the data
base. Available data in the literature should be crifica]ly reviewed and the
most accurate values incorporated into éhe_MINTEQ data base. Furthermore, as
more'reliable thermodynamic déta for important aqueous species and solid phases
already in the model become available, they should be used to update the data
base thereby increasing the overall competency of the model.

MINTEQ does not have a kinetic capability, it is only a thermo&ynamic
equilibrium model. Ih many environmental systems the equilibrium assumption
may not be valid. Kinetics of‘éolid'precipitation or dissolution may dominate
the geochemistry of the system. Therefore, including kinetics of precipita-
tion/dissolution and of oxidation-reduction would'be an important extension,

The elementary ion association models used in MINTEQ for computing
activity coefficients and aqueous speciation are not valid for high ionic
strength solutions (i.e., ionic strengths equal to or greater than sea
water). Higher order-ion interaction models described by (Pitzer 1973; ;itzer
and Mayorga 1973, Pitzer and Kim 1974) appear to be more reliable at high ionic
stfengths (Harvie and Weare 1980). Such models should be incorporated into
MINTEQ for t;eating high ionic strength solutions where the ionic strength

exceeds approximately 0.7 molal,



SECTION 4
MODEL THEORY

This section'describes the formulation of the chemical equilibrium problem
in MINTEQ.. The equilibrium equations for aqueous speciation, adsorpfion and

~ solid phases are described.

BASIC FORMULATIONS

The chemical equilibrium problem can be described by a set of mass balance
equations, one for each component, and a set of mass action expressions, one
for each species. The problem then reduces'to'So1ving the non-linear ma§s
action expressions Qith the linear mass balance equations.” This is commonly
" termed the equilibrium constant approach to the chemical equf]ibriﬂm problem.
Theré are other formulations of the chemical equilibrium problem that are also
possible. As an example, at fixed temperature and pressure the chemical
* equilibrium problem can also be solved by a direct minimization of the Gibbs
free energy or the Helmholtz free energy if the volume and temperature are
specified [see Van Zeggeren and Storey (1970)1.

The equilibrium constant approach is used in MINTEQ. A basic set of
components is chosen and all mass action equations are writtep'in‘terms of the

components [Equation (1)1,

Coo= Kk xalisd) - (1)



where
Y{-=~activity coefficient for species i
C;j = concentration of species i
Ki = equilibrium constant for reaction i

Xj = activity of component j )

1)
—~
-—o
e
e
S
|

= stoichiometric coefficient of component j in species i

n = number of components j.

The mass balance equations can then'be written as a summation of the C;,

" terms (Nesta]l et al. 1976),

-
1]
" .,.\4 =3

a(i,J) C; _ (2)
1 -

where

—
[
"

total analytical concentration of componeht J

A

3
"

number of aqueous species.

Equation (2) can be reformulated to make the solution to the chemical

equi]ibfium problem easier to solve by relaxing the mass balance constraint at

intermediate iterations (Westall et al. 1976),

-
I
n~3

a(i,j) ¢, - T (3)

i=1



where

Yj‘= difference function for component j.

The solution is the set of all X; terms such that all Y terms equal
zero. The convergence criterion is described-in Section 5. |
- The previous mathematical formulations are defined for systems.without
soj%d phases. Solid phases are handled in basically two ways. The first
method treats the mass of each solid phase as an indepenﬂent variable and
thefeby expands the basic set of unknowns (i.e., the Xj terms ) to include a
variable M for'each solid phase. The mass balance equations can then be

written,

m S ) .
Yj = 'Tj + 2 a(i,j) C:I - X a(i,j) M‘i ' (4)

i=1 i=m+1

where s = number of solid phases plus number of aquéous>species. The summation
over the M; terms then represents the mass of component j in solid phaseé.

This method is used in other geochehical models such as EQ3/EQ6 (Wolery
1979) and PHREEQE (Parkhurst et al. 1980).

The second method for handling solid phases is by what is termed a
"transformation of basis." This is the method useéd in MINEQL and retained in
MINTEQ. The transformation of basis reduces the number of independent -
variables which must be determined and also a]iows the.treatment of different
chémica1 reactions in a‘mathematically general way. This latter attribute
allows MINEQL and MINTEQ to solve a wide range of chéhica] equilibrium

problems. The mathematical description, given in Appendix One in Westall



et al. (1976), will not be reproduced here. Instead, the following example is
presented-to,c]arify the approach. Suppose'there exists a four component
2+, H+,

system Ca CO%‘ and Hy0, and the following reactions occur in aqueous

solution.,

2

Ca®" + Hy0 ¥ CaOH' + H' log K) = 12.6 (5)
ca®* + H" + c03" ¥ caHoOy Tog K} = 11.33 (6)
ca%*s cog' . CaCOg . | log K7 - 315 (7)
HO ¥ OH” + H 1§g K = -13.98 (8)

where log K? is the equilibrium constant for the stated reaction at 298.15°K.

If the solid calcite is now imposed as an equilibrium solid then one of
the X; terms in the calcite dissolution reaétion, Equation (9), is eliminatéd
computationally and all the reactions containing that component are rewritten

with calcite [CaCO3(s)] as a component (Westall et al. 1976),

ca? + cog' b CaC0y(s) , log Kﬁ = 8.475 (9)

As an example, suppose Xcog- is eliminated then the reactions would be written

as:

2

ca‘t + H,0 ¥ caodt + W', log K? = 12.6 (10)



0

CaC04(s) + H' ¥ caHCOy , log K2 = 2.855 (11)
CaC04(s) < CaCO3 log K) = -5.325 . (12)
H0 T H 4 OH » log KJ = -13.98 - (13)

Since the activity of pﬁre calcite is equal to one, the set of independeﬁt

' variasles (Xj terms) is reduced by one. The transformation of basis is
completely general and, for example, can be applied to species present at a

) fixed-activity, gases at a fixed partial pressure, solids not present at unit
»activity, or redox reactions which establish a fixed relationship betﬁeen

components. _ -

Activity Coefficients

The attivity is related fo the concentration by the activity coefficient
(y). MINTEQ corrects the equilibrium constants for ionic strehgth by a simple

rearrangement of the mass action expressions, thus

0 .
Kr)s nx. 203 | (14)

iy j

The resulting equilibrium constant is termed a "mixed constant" because the
species formed in the reaction is in terms of concentration and the components

are in terms of activities.

MINTEQ uses two alternate formulations for computing activity

coefficients: 1) an extended Debye-Huckel equation which contains two



adjustable parametehs'(Truesde1l and Jones 1974), and 2) the Davies equation
(Davies 1962). The extended Debye-Huckel equation, N

2
A2 VT

47 (15)
1+8Bga, vT ! ;

logjg v =
where

Aq and By are the Debye-Huckel constants which depend upon the

dielectric constant and temperature,

Lj =charge on species i
a; = fon size parameter
b% = jon specific parameter which allows for the decrease in solvent
concentration in concentrated so]utioﬁs (Truesdell and dones'1974)
I‘= jonic strength.

The A4 and By constants are'cohputed as described -in Truesdell and Jones
(1974).. The a;j and bj parameters were taken directly from the WATEQ3 data base

(Ball et al. 198l1). The ionic strength is,

n>~3
N
—e N
[
.

(16)

[}
N

; .

The a; and Bi parameters are only available for the major ions and certain
trace metals such as Cu and Mn. In cases where a;j and'bj are not available for
the species formed in the reaction, MINTEQ defaults to the Davies equation for

calculation of single ion activity coefficients,

10



T ' |
log v; = -A Z&( -0.310) - oan
1 Ve yT )

Activitj coefficients for neutral aqueous spécies are represented by

(Helgeson 1969),
]09 Y_i = allo
MINTEQ sets aj to 0.1 for all neutral aqueous spec{es.

The ion assdciation quels used in MINTEQ are not valid in high ionic
strength solutions (brines). The ion-fhteraction models published by Pitzer
(1973), Pitzer and Mayorga (1973) and Pitzer and Kim (1974) expand the basic .
- 'Debye-Huckel equation by adding a series‘of ion intefaction'terms; These
interacfion terms are analogous to virial coefficients for non-ideal gases.
Such ion interaction models ﬁhould be added to MINTEQ before it can be

accurately  applied to high ionic strength solutions.

Activity of Water

fhe activity of water is calculated in MINTEQ by the relationship

m. _
2 i=1 _

where m is the total number of aqueous species. The expression is derived from

Raoult's law and is valid only for dilute solutions. The constant 0.017 is

- 11



' obtained from a p]ot of the act1v1ty of water versus number of so]ute ions

(Garrel]s and Christ 1965)

’ Temperature Correction

The equilibrium constants in the MINTEQ data base are valid at 298°K or
25°C. MINTEQ corrects these equi]ibrium constants to temperatures other than
298°K by. using either the Van't Hoff relationshfp.or, whenever available,
analytical expressions for log K? as a function of‘temperature.

The analytical expressions for log Kg as a function of temperature are

expressed as:

Tog K = A + BT + /T + D Log () + ET2 + F/12 + 6//T (19)

_ Where T is temperétdre in degrees-Kelvin and A threugh G'are'empirically
derived coefficients. When analytical expressions for log K with temperature
are not available, the Van't Hoff re]atienship is used. The Van't Hoff

relation (Lewis and Randall 1961) takes the form:

r 1 1 ) -

where T. is the reference temperature (298.15°K}; AHg is the enthalpy of
reaction, T is the specified temperature and R is the ideal gas constant. Data
for the enthalpy of reaction were taken from the wATéQ3 data base (Ball et al.
1981) and will be tabulated in Appendix A.

1z -



‘ The Vgn't-Hoff relation assumes that AH? 1s'independeht of temperature.
This assumption is not strictly valid so the Van't Hoff relatiénship may
produce substantial errors- at temperatures significantly different from 25°C.
Unfortunate]y, data for AHr 298 or 1og K expressions as a function of
temperatures are not available for a]l species in the MINTEQ data base. In’
such cases, the log K. 29g is used at all temperatures. Because of thesé'
~ limitations, app]ic;tions of MINTEQ should definitely be limited to

temperatures less than 100°C.

Alkalinity Correction

Frequently, analyticé] data are available for total alkalinity but not
total inorganic carbon. 'In such cases, MINTEQ can convert total alkalinity to
total inorganic carbon. Theré are three 1mpor£aﬁt StePS in the-cohversibn.

~The first step is to convert the input a]ka]inity.expressed as carbonate
to equiva]entga This is simp]y’dbﬁé‘by multiplying the input aTkalinity value
by two since carbonate ion will consume two equivalents of acid per mole,

Equation (21).

T4, =2.0T (21)
JJ co

where jj represents CO%‘,_TCOZ is the titration a]ka]ﬁnity in molality,
and Tjj is the titéation:alka%inity in equivalents.

The next step is to subtract the difference between the equivalents of
écid consumed by a carbonate containing-'species and the stoichiometry of

carbonate in the species. As an example, the following species all would

13



;onsuhe two equivalents of acid per mo]é, Cﬂg', Pbcog, MgCOO, and contain only
one carbonate ion._'This means each species consumes oné extess equivalent of
acid per mole. This difference must.be subtrécted from the total alka]inity in
equivalents to obtain the correct total inorganic carbon. The num@ér of equi-
valents of a;id consumed per-mole of a carbonate cqntaining-speqie§ is termed

the carbonate atkalinity factor. The excess equivalents of acid consumed per

mole of carbonate containing species is then,

X ¢, [f, - a(i,3i)] (22)
1

m
"
" n~3

E. = excess equivalents of acid
_T; =.carbonate alkalinity factor for species i
a(i,jj) = molality of carbonate in species 1.

The next step is to subtract the noncarbonate alkalinity. Noncarbonate
a]klinity results from such species as OH™, A1(OH)g, or HPO%‘ which consume
acid during the alkalinity titration but do not contain carbonate. The

equivalents of acid consumed by nonarbonate containing species is,

m
Ey = 0 Cray (23)

equivalents of noncarbonate alkalinity

i
=
[}

noncarbonate alkalinity. factor for speciés i.

L
pry
{]

14



The nonqarbonate alka]injty-factdr is the number of-éqpiva]ents1of H*
- consumed by a noncarbonate containing species if the solution wefé titrated to.
approximately pH 4.6. ' |

The final step in computing total inorganic carbon is to add,the mass of

AHZCOj(aq). The overall conversion can be ‘summarized,

(24)

where -
Ty = molality of inorganic carbon
fi = carbonate alkalinity factor,
gy = noncarboﬁate_alkalinity factor
Cyi = mass of HyCO3(aq).

ADSORPTION

iMINTEQ contains six algorithms for treating adsorption: an "activity Kd,"
an.“activity Langmuir" isotherm, an “actiQity Freundlich" isotherm, an ion
exchange mode]Aand two surface complexation models, the constant capacitance
surface complexation model (Huang and Stumm 1973; Schindler et al. 1976; Stumm
et al. 1976), and the triple layer surface complexation model (Yates et al,
1974; Davis et al. 1978). This section presents a bfief review of each model
and.an outline of the mathematical formalism used by each model. For further
detail on the mathematical formalism of the constant capacitance model and the
triple layer model see (Westall 1979a, 1979 ; Westall 1980; Westall and Hohl
1980).

15



The K4 and the Langmuir -and Freundlich Isotherms-

In this section, the traditional concentration Ky ehd the Langmuir end,
Freundlich isotherms will be defined in terms of the‘total dissolved
concentration of the adsorbate. These isotherms and the Kq will then be
redefined in terms of the activity of the bare adsorbate ion and the
l1m1tat1ons of this treatment of adsorptlon will be discussed.

The distribution coefficient K4 is defined as the ratio of the amount

adsorbed to the amount remaining 1n solution. This can be conceptualized and

written as any other reaction. An examplie for cadmium is,

S +Cd < SCd o _ (25)

_where S represents free or unoccupied surface sites, Cdgotal = total dissolved
cadm1um rema1n1ng in solut1on, and SCd = adsorbed cadmium in molal un1ts.

The mass action expression for Equation (25) is the common definition of

the Kd’

SCd
total

(26)

!

where the implicit assumption is made that S is in greai excess with respect to
Cdteta] and the activity of S is set to one since with an assumed excess the

variability of S is negligible.



Activity Langmuir Isotherm

The “Langmuir equation can be formulated as,

S rEET (27)

where
S = the amounf adsorbed in molality
KL = the Langmuir adsorption constant
C = the total diséolved concentration in solution at equilibrium
ST = the maximum quantity that can be adsorbed in molality.

Assuming that each adsorbing ion occupies only one adsorption site, then
‘ST is also equal to the total number. of adsorption sites. The Langmuir %507
therm has the advantage over the activity Ky in considering a mass balance on
surface adsorption sites., The Langmujr equation as formulated in Equation (27)
is simply a combination of a mass action expressién for adsorption and a mass

balance equation for surface sites,(2)
C+S<s (28)

S;=S+S , - | (29)

(a) Note: In this formulation, competition between ions for surface sites can
be readily included by formulating additional mass action expressions
[Equation (28)] and then including the adsorbed species in the mass balance
(Equation (29)]. ‘ : :
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- where

} S represents surface sites unoccupied by adsorbate.

If the adsorptioq'data do not conform to a Langmuir plot, the Freundlich
équation frequently provides a>fit to the data. The Freundlich equation is

formulated as,
s = keel/m (30)

where Kp and 1/n are constants and C is the equilibrium total dissolved

concentration. For cadmium adsorption then,

S = ke(cd, ) " (31)

In this example, if the data conform to a Freundlich isotherm a plot of the
logarithm of 'SCd versus the logarithm of the concentration of total Cd in
solution at equilibrium (Cdy,t) would yield a straight line with slope 17/n.and
an intercept of log Kg. The Freuﬁdlich isotherm can then. be thought of as an
adsorption reaction where the stoichiometry of the adsorbing species equals

1/n,

) €SCd . (32)

S+ /n (Cd,

The mass action expression is then,
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-3t
3 (Cd

)i/n = KF~ ‘e (33)
tot .

- There is no mass balance on surface sites and assuming an excess of sites with
respect to the absorbate the activity of the free sites (EQ is set‘equal'to
one. There ig one cdmplication in use of the Freundlich isotherm in MINTEQ and
that is in the stoichiometry of the édsorbing species. The stoichiometry of
the adsorbing species in the mass action expression equals 1l/n; nowever,-the
.stoichiometry of the adsorbing species in the Cd mass balance equation equals )
one. Thus, to use the Freundlich isofherm in a geochemical model requires
using separate stoichiometries %or mass balance and mass action expressions,(a)

Equations (25) through (31) are written in terms of the total
concentration of the adsorbate Ctot (or Cdpot). Since Cioy involves all
'aqueous species, "this formu]at1on 1mp11c1t1y assumes that all species absorb
with equal strength. There is abundant experimental evidence to support the
hypothesis that only cgrtain aqueous species react with the surface (Huang and
Sturm 1973; Hohl and Stumm 1976; Davis and Leckie 1978). If Cyo¢ is replaced
with .the activity of the aqueous species which.dominates the adsorption

dZ*

reaction with the surface sites, say C in the above examples, then the

activity K4 is

gact SCd _ (34)

(a) Only the UNIVAC and VAX versions of MINTEQ have this capability. Thus,

the "activity" Freundlich isotherm cannot be used in the PDP 11/70 version
unless 1/n =~ 1.0, .
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The activity Langmuir equatibn is

K2t 5. (ca?)

L
= SCd = (35)
‘ 1+ K e
and the activity Freundlich eqhation is,
S = KICE (cgZhy /0 (36)
where { } denote the activity of the adsorbing species, in this example cd*2

ion, in bulk solution.

The dependency of the ‘concentration’ Ky and isotherms on adsorbate
aqueous complexation and idnic strength éffecﬁs has been removed by using_the
'activify' representation iﬁ Equations (34) to (36).’ KgCt and fﬁe aétivity
isotherms are thus appiicable over a wider range of natural water compositions
than thé»standard concentration bepresentations. '

A number of limitations remain, however. These descriptions of adsorption
do not consider: 1) a charge balance on surface sites and adsorbed species;

2) electrostatic interactions between the adsorbing io; and the charged
‘surface; and 3) reaction of the solid with aqueous constituents other than the
adsorbate “ion, e.g., H* and major supportiné electrolyte anions and cations,
The effect of these factors varies with chaﬁges in soiution_composition. Thus
failure to include these factofs in'describing adsorption limits the range of

applicability of that description. The surface complexation models described

below incorporate these effects and are thus more generally applicable.
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To use “activify" Langmuir/Freundlich isotherms in MINTEQ the following

procedure (see MEXAMS - The Metals Exposure Analysis'Mbde]ing'Systems) should
be'followed.- For the activity }angmuir isotherm, include 5 surface site (i.e.,
SOH1 or SOH2) as a component and‘specify'a mass total (equal to’ST) for that
component. Then enter the adsorption reacpion as a type II inserted species
with aa equilibrium constant of KiCt, and set the adsorption model (IADS) to
one. Foq the activity Freundlicﬁ isotherm, include-a surface site (i.e., SOH1
or SOH2) as a.coﬁpoﬁent and givé it .a type III designation. Include the .
adsorption reaction as a type II inserted species with an equilibrium constant
of KECt, and set the adsorption mode] (IADS) to one. Finally, set the
stoichiometry of the adsorbing component to 1/n and set the stoichiometry in

the "B" matrix to 1.0.(31

‘Ion Exchange

Ion exchange reactions are modeled in the same way as in the geochemical
model PHREEQE (Parkhurst et al., 1980). The reader is referred to this document
for details; only a brief summary will be presented here.

Ion exchange reactions involve the exchange of ions of like charge on the
solid surface. As an example, K* jon could exéhange for Na* jon on the surface

of the exchanger S,

Nat + kS 2 xt +NaS - (37)

(a) Only the UNIVAC and VAX versions of MINTEQ have this capability. Thus,
the "activity" Freundlich isotherm cannot be used in the PDP 11/70 version
unless 1/n = 1.0.
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where KS represenf; ekchanﬁer'bound potassium‘and'ﬁgg represents_exchanger
bound sodium.

- MINTEQ, like PHREEQE, can model ion exchange reactions by maintaining a.
‘fixed activity ratio of the exchangeable species. Equations (38) and (39)

~ present an example,

(K7} st _ (38)
RN TS

| TSR
K. = K = . 39
ex ex {m {Na+} (39)

The use of K3, assumes an infinite reservoir of exchanger at a constant solid
phase composition [i.e., KS/NaS remains fixed in Equation (39)]. This is
equivalent to assuming that the concentration of exchangeable species on the
surface is much greater than the cohcentration in solution. Therefore, even if
the concentration of thé exchangeable species in solution is changed, the
activity ratio of the species in solution will re-adjusf to the oriéina] fixed

- value due to the large reservoir of exchangeable species on the solid.

Surface Complexation Models

The "activity" Kd, "activity" Langmuir, “activity" Freundlich and ion
exchange treatments described above all ignore electrostatic‘effécts due to
surface charge and the effect of solution chemistry on the solid. -An
electrical charge frequently exists on the surface of solid particles and

creates an electrostatic potential which extends into solution. This
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e]ectrostati;‘pdtentia] can significantly influence the adsorption of charged
spe;%es. In addition, pH and the concentration and composition of the.
electrolyte aiter the distribution and availability of the surface hydroxyl
groups which act as.adsorption sites for the trace constituents, e.g., Cd. The
surface comp1exa;ion models described below include treatment of these effects.
| Both of the surféce complexation models of adsorption in MINTEQ, the -
constant capacitance model and the triple layer mddel,.wére develobed for and
have been primarily applied to crystalline oxides (Davis et al. 1978). These
models have also been applied with considerable success to amorphous iron
ox&hydroxides (Davis and Leckie 1978, Benjamin and Leckie 1981) and to clays
(James-and Parks 1982). Each model treats the oxide surface in contact with
water as an array of hydroxyl groups designated as XOH, where X represent |
structural Si, Fe, Ti, Al, Mn or other atoms at the solid liquid interface .
.(Figures 1 and 2). These hydroxyl groups or adsorption "sites" can be treated
as iigands which: 1) have specific acid/base characteristics, and 2) fofm
complexes with supporting glectro]yte ions, metal ions or other ion-pairs in
solution. Adsorption reéctions, i.e., the coordfnation of these solute ions
with surface hydroxyl groups, are treated by analogy with compiexaton in bulk
solution. Thus, for an assumed stoichiometry of reaction, an association
(adsorption) constant can‘be used to describe the adsorption reaction. The
description which follows for surface sites,-XOH, can be generalized to include
additional surface sites, SOH or TOH, whose acid/base or\cation/anion
coordination behavior differ from those of XOH.
| Examples of surface equilibria for oxides_are typically written for

- protonation and deprotonation reactions as
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FIGURE 1. Schematic Representation of Surface Species and Surface
Charge-Potential Relationship for the Triple Layer
Model. Brackets in the ‘zero' plane indicate
. deprotonated surface sites.

24



|

I

|
X——O - ( ) l f—— Kaz

SCHEMATIC OF X1-0-H' | -— K, CONSTANTS
SURFACE SPECIES X =t=0 - H° { > CORRESPONDING

X =t=0 - Cd" | +—"Kcd, - TO SURFACE
x+o0.l . SPECIES
X—-0-Cd | < Kce :

[

‘O’ PLANE AT POTENTIAL ¢, AND
,' T CHARGE 0y

SCHEMATIC * §
OF CHARGE- = J ﬁ |, e 'd’ PLANE OR OUTER HELMHOLTZ
POTENTIAL = ——LC PLANE (OH)
RELATIONSHIPS = Yo , |
[ : ! )
Q I
o I }

P
90 |«—DIFFUSE LAYER OF COUNTER IONS
DISTANCE FROM SURFACE (x) —=>
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surface sites. '
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+
o troHyr (40)
+
1 {X0H,} (",

+ > +
XOﬂ + Hs f XOH,, K o

: - +
XOH = X0~ + H', K = (0} {H ] (41)
- s? a, - TXOH}
respectiveiy, and for adsorption of a divalent cation, M2+, as
- - 2+ +
{xoo -M""} {n'}
XOH + M&¥'2 (x0™ - M¥H)* 4 WF, %, = S (42)
S . S M 2+
{xOH} {M }s

where Kal’ Kaz’ are the first and second surface acidity constants, *Ky is an

adsorption constant, { } represents the activity of surface species XOH, X0,
XOH;, and (X0~ - M2+)'in moles per liter and { }g represents the activity of an
jon in the electrical double layer. The subscfipt g (H;, M§+) indicates that
the HY and M2* jons are in the electric double layer rather than in the bulk
solution. The asterisk on the adsorption constant is a convention which
 indicates fhat the adsérption reaction is written in terms of -the neutral site
XOH rather than a deprotonated site X0-.

A fundamental difference between adsorption reactions at the solid-
solution interface and aqueous coordination reactions in bulk solution is that
a variable electrostatic-interaction.energ} existé»between the charged
adsorbing ion aﬁd the surface charge on the solid (Figures 1 and 2). A
difference in chemical potential of the charged ion develops near the surface
due to the electrostatic potential, ¢, produced by the surface charge, o.

Because of these nonideal interactions, the activities of ions approaching the
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_surfaée are modified by the electrical work necessary to bring them from the
bulk sblutjon to a'specificladsorpt{on plane within-theielectric double
1ayér. The activities near the surface are related to the activities in bulk
solution by an exhonential Boltzman factor which is a function of potential.

aq

where 's' and ‘'aq' refer to activities in the electrostatic dquble layer and in
bulk solu;ion, respectively, Z is the charge on ion A,-F is Faraday's constant,
R is the ideal gas constant in joules, T is the absolute temperature, and b is
the electrostatic potential on~the surface or atlthe dgsignated adsorption
plane within the double layer. .

In MINTEQ, the gctivity coefficients for jéns.are calculated usiﬁg'the
Debye-Hucké] or -Davies equat{ons. Sinée no adequate theory exists.for
calculation of the activity coefficients for surface species, the activity
coe%ficients in MINTEQ for all surface species are set equal to one and the
activities, { }, of all surface species are replaced by concentrations, [ 1.

The major differences betwen the constant capacitance and the triple layer
models, as normally formulated, are: l)Athe set of surface speciés considered
{e.g., whether surface-electrolyte species are considered), and 2) the
description of the electric double layer, i.e., the definition and assignmént
of ions to "mean" planes of adsorption within the double layer and the

mathematical form of the surface charge-potential relation, o = f(y).

27



The mass action and mass balance equations in both the constant
capacitance and the. triple layer models are simi]ar. For mathematical
simplicity in MINTEQ, the Boltzman factor in the mass action equations for

surface species, e.g.,

([X0H, 1 = [XOH] (H},q exp (-F¥/RT) 'Kal .

is treated as though it is just another chemica] component. This new component
is the coulombic or electrostatic component, X(o). From Equation (3) above,
the mass balance equation used in MINTEQ to check convergence of each

electrostatic. component is,

m
¥(o) = 1 a(i,0) C, - T(o)
1 . .

The electrostatic components are unique in that there is no measurable
analytical value for total surface charge, T(c). A value for T(o) is
calculated using the mathematical expression relating surface charge to
potential, o = f(p); Qhere f(¢) depends on the model of the electrical double
layer used. Thus, T(a) = f(y) B, where the factor B converts coulombs of
charge per square meter into moles of charge per liter.

With this brief introduction, the constant capacitance and irip?e layer

models will be described below for the case where adsorption occurs from a
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solution containing Na*, C1~ and soi' as the major electrelyte ions and Cd2*
jon as the dilute adsorbaté. Surface ligands consist of a single amphoteric

surface site, XOH.

Constant Capacitance Model

With this model, all specifically adsorbed ions (H*, OH~, and Cd2+) are
considered to be located in the surface ‘o' plane, contribute to the charge dg?
“and are subject to a botentia], Yos as shown in Figure 1. Ions which are not
sﬁecifica]ly adsorbed are excluded from the double layer and are assumed to be
located in the diffuse layer. The dominant contribution to g is from the
potgntia] determining ‘ions H* and OH™. It is assumed that thé jons of the
background electrolyte, Naf,'Cl’, and SOE' do not coordinate wi;h the surface
sites. |

In the double layer, the surface charge-potential relationship used is the
simple iinear expr‘ession,'o0 = C1¢0, where the capacitance of the double layer,
Cl, is assumed to be constant. The surface hydrolysis and adsorption reactions

together with the acidity and adsorption constants for the surface species as

shown in Figure 1 are,

+
A [XO0H,]
XOH + H £ XOH} Ky =2 exp (A0) (43)
1 [XOH] {H")
+ x0"1 {1
XOH = X07 + H Kaz = L——f%ﬁﬁj—L exp (A} (44)
' + _ - A2t +
XoH + a2 = (x07 ca®*) + n! "oy = DO LML op 10y (45)

1 [xoH] fcd®hy

L(x07), €a?'7 (W)

- (46)
“a (o) 3 cd®)

2+ _ - 2+40 +
(XOH)2 + Cd.” = ( (X0 ), -Cd 1V o+ 2H s *
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where X = F/RT, | tag = { } represents the activity in the bulk solution;
(XOH), and (X07)p represents two adjacent XOH and X0~ sites; respectively,
acting as a single surface 1igand,(a) and [ ] represents the concentrétion}of

surface species.

In MINTEQ, the surface sites, XOH, are treated as a chemical component,

X(XOH). The mass balance equation for surface sites is,
Y(XOH) = § (all surface sites) - T(XOH) ' (47)

where

) (su,fazllsi'tes) = [XOH] + [X07] + [XOH,] + [X0° cd?y + 2[(X07), ca?*]

is the sum of the concentrations of all of the surface sites as calculated from
. the mass action equations and T(XOH) is the analytical total concentration of .

surface sites in moles of sites per liter,
T(.XOH) = Ng Sp Co/Na

Here, Np is Avagadro's number, Sp is the specific surface area of the solid
(m2/g), Cs is the concentration of the solid in suspension (g/¢), and Ng is the
analytically determined surface site density (number of si;es/mz).

-In the case of the coulombic or e]ecfrostatic component, X(o,), the

equation describing the surface charge balance is,

(a) The UNIVAC and VAX versions, but not the PDP/11-70 version, of MINTEQ have
- the capability to model reactions with different stoichiometries in the
mass action and mass balance equations. .
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Y(co

) =] (charged species in 'o') - T(o,) (48)
where the total surface charge (i.e., the net concentration of chérged sites in

the 'o' plane in moles/&) calculated from the mass action equations is,

) (Speg?ggg?g o) = [XQH;] - [X0] + [X0™ Cd®*1.

_Since no analytical value of.T(ao) is available, the model dependent charge-

potential relation is used to define T(oo) in moles of charge per liter as,

where B = (SA Cs)/F. By aha]ogy with all other components in the formu]aﬁion
of the equilibriuim problem, the sum ofAcharged surface species in équaL
tion.(48), calculated frqm the mass action equations, must equal the electro-
_stética]]y ca]culated_charﬁe T(og), Equation (49); when theAphoblem is solved.
| When using the constant capacitance model, the cou]émbic componen£ X(og)-
(PSIO in the MINTEQ code), must be designated as Type VI (see users manual

MEXAMS - The Metals Exposure Analysis Modeling Systems) since it has no mass in

aqueous solution. The input to MINTEQ requires: 1) an initial guess for the
value of the electrostatic component, e.g., for v > 0, let log [x(°o)] = -1.0;
2) the same value for the capacitance (C!) for a given ionic strength and
electrolyte as that used to derive the adsorptiqn constants; 3) analytical
values for the surface site density (Ng), the specific surface area (Sp) and
the concentration of the solid in suspension (Cg)s and 4) acidity and adsorp-
tion constants for surfacé hydrolysis and complexation reactions, determined

experimentally for a given ionic strength and electrolyte composition,

31



For this.mode],_in which coordination of'the background é]ectrolyte jons
w%th surface sites is ignored, Both'the cépacitance, Cl, and the adsorption
constants depend on the type and concentration of the background'e]ecﬁrolyte,
and are applicable only at the ionic strength and for the specific electrolyte’
for which the adsorption data we}e obtained. However, for applications where
tﬁe background electrolyte. is fixed and the concentration of stfongly
coordinated electrolyte ions remain unchanged, uée of the constant capacitance
model requires less experimental characterization than is required by the
trfple layer model (described below). If, however conditions inc]udé variable
CQQCentrations of strongly coordinating electrolyte ioﬁs, use of the constant
capacitance mode]vwould require new adsorption constants, derived from
experimental adsorption data, for each set of conditions, fémihicent~of the -
early Kd apprbach ﬁrevious]y described. For.these conditions, the experimental
characterization réquired by the triple 1éyer is 1e§s extensive than that

required by the constant capacitance model. This is a direct consequence of

the triple layer model's inclusion of known electrolyte/surface reactions.

Triple Layer Model

This model treats the solid solution interface as being composed of two
constant capécitance layers bounded by a diffuse layer (Figure 2).
Specifically, adsorbgd HY and OH™ ions.are lTocated in the surface 'o' plane,
contribute to the surface charge wé, and experience an electrostatic pqtehtia],
og- A1l other specifically adsorbed ions, including major electrolyte ions,
are located in the ‘b' or inner Helmholtz plane and are bound pairwise to
oppositely charged surface sites by either a specific chemical or an
electrostatic energy or both. These ions contribute to the charge, op, and are

subject to an electrostatic potential, v,. The outer He]mholfz plane or the
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.‘d' plane is-the inner\boundary of the diffuse~region of . nonspecifically bound
counter jons. From theoretical gdnsiderations of monovalent electrolytes, the
potential, yq, in the 'd’ p]ane'is related to the total charge in the diffuse

region, o4, by the Gouy-Chapman equation

og = ~(ee,RIT)Y/Z sinh (Fug/2RT)

where ¢ and f are respectivé]y, the dielect}ic constant and the ionic strength
of the so]ution.and €0 55 the permittivity of free ‘space [8.85 x 10-12
(coulombs)Z/joulé-meter]. As an approximation in MINTEQ, the Gouy-Chapmay
equation fs also used for nonsymmetric electrolytes {(charge on cation not equal
to charge on an1on) _

Regions of constant capac1tance, C1 and C2’ separate the 'o' and 'b!
p]anes and the 'b' and 'd' planes, respect1ve1y. In the context of this model
of the solid-solution interface, the surface charge-potential re]apions, based

on electrostatic considerations, are:

in the surface or 'o' plane,

= C1(bg - ¥p) - (50)

Q
o
)

in the ‘b plane,

op = C1(wp - wo) + Co(vp - wy) (51)
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andvin the 'd' p]ang

od = Calbg - ¥p) (52)

The expressions for the surface hydrolysis reactions are identical to
those given_ in Equations (43) and (44) for the constant capacitance model. The

adsorption reactions and constants for the other surface species shown in-

Figure 2 are,
. - 0
XOH + Na = (X07 -Na™)" + W]
- [X0” -Na'] {W%)

*K =
N rxon] (et

exp (A(, - b))

- + + -0
XOH + CIJ + H = (XOH -C17),

[xong -C17]

*Keq = (x (v, -
€17 Txon] fcL} (6 exp (A(wg - ¥p))

XOH + Cd2* = (x07 -Ca®*)* +
- 2+ +
_ [X0~ -cd*1 {H"
*Keg = exp (=A(¥, - 2iy))
¢ [xon] {ca?t) o = Wb
2+ - +,0 +
XOH + CaZ¥ + H,0 = (X07 -Cdon*) + 2},

_ [x0" -cdout] (w12
- [XOH] fca®}{H,0}

*Kedou exp(-A(v, - )
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é- ot + 2-\ -
XOH + (SO.4 )s + HS = (XOH2 - 304 )

[XOK, -soi‘]

*K exp (A(v, -20p))

S04~ [xoH] {s0Z7} Hh)

Here, three electrostatic components, X(oq), X(oh), and X(oq), in addition .to
the surface site component, X(XOH), are added to the normal set of chemical
components dgscribing the aﬁuebus equiTibrium problem. Within the content of
.the triplé layer model, ho bidentate surface species [(X07)s - Cd2+] have been
considered. The set of surface species shown in Figure 2, although not
necessarily unique, usual]y provides an adequate fit of experimental adsorption
data for mono- and divalent cations and anions.

As a consequence of the inclusion of surface-electrolyte coordination
reactions and the mu]t{plellayer'structube of the interface, the acidity and -
adsorption constants defined for the trip]é layer model are ‘intrinsic’
constants, i,e., they are applicab1e over a wide range of pH; electrolyte and
dilute adsorbate (Cdz*) concentrations. However, experimental data over a wide
range of chemical conditions is needed to determine these intrinsic constants
(Dayis et al. 1978; Jameé et al. 1978; Balistrieri and Murray, 1979, 1981,
1982).

The mass balance equation for the surface site component, X(XOH), is

identical to Equation (47) except that,

' éll : o+ - + - - +
Y (surface sites) = [XOHI + [XOH3] + [X07] + [XOH, -C17] +-[X0" -Na']

+ [X0" -Cd2*7 + [X0™ -CdOH'] + [XOH} -SOZ']
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For the -electrostatic componenfs X(og) and X{op), the surface charge

balance equations are, respectively,
Y(oo) =} (charged species in 'o') - T(oo)

Y(gb) =} (charged species in 'b') - T(Ob) ’

where
‘charged _ + + - - - +
- [X0™ -Ca%*] - [X07 -CdOH*] + [x0H} -502°]
and
§ (. charged = [X0" -Na] - [XOH} €177 + 2[x0” -Cd%*]

species in 'b')

+ [X0T -CAOH'] - 2[XOH} -5027]

The.expressions for the T terms in these charge balance equations are T(g,) =
oo B, and T(op) = op B, where B is a constant defined on Page 31 and oy and oy
are defined by the Equations (50) and (51). The summations of the charged
surface species in the ‘o' and 'b' planes, calculated from mass action
equations, must equal the elgctrostatically calculated charge, T(oy), and
T(op)s respectively, when the equilibrium problem is solved. Since in this
model there are no surface species assigned to the 'd' plane, the net charge in
the'diffuse layer, given by the Gouy-Chapman equation, must balance the
electrostatic charge on the 'd' plane given by fquation (52). Thus, the charge

balance equation for the electrostatic component, X(od), is,
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Y(og) = ((-8ee RT1)!/? sinn(Fy,/2RT)) - (Col0y = 9,))-

As equilibrium is approached dufing the numerical so]ufion of the problem,
Y(oq) and the values of Y for all components approach zero.

‘ " When using the MINTEQ code to solve prdﬁ]ems-with the triple layer model,
an initial quess is supplied as iﬁput to the code %or the electrostatic
components X(oy), X(op), and X{oq) (PSIO, PSIB, and PSID, respectively in
. MINTEQ). These components are given a Type VI designation (see the users

manual MEXAMS - The Metals Exposure Analysis Modeling System) because they have

no mass in aqueous solution. ther input data is similar to that required for
the constant capacitance mode except that a second capacitance, Cz,'is
needed. It should be noted that the K values defined for the triple layer
‘model are not conditional constants, as is the case for the constant B
capacitance modé],.but are invariant with respect to adsorbate concentration
below a surface loading threshold which depends upon the adsorbate/surface
combination (Benjamin and Leckie 1981) and within the experimental range of pH

and ionic strength for which they were determined.
SOLID PHASES

Saturated Indices

The saturation indices are used to describe the apparent closeness to
equilibrium of a so]id'phase and the aquedus solution with which it is in

contact. For solid dissolution reactions, saturation indices can be formulated

in the following straight-forward manner:
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| SI; = Tog‘(Kr)i - log ( g Xg(i’i)) (53)

j=1

where SI; is the saturation index for species (solid) i.

The thermodynamic daté base in~MINTEQ was taken from WATEQ3 (Ball et al.
1981). A1l reactions inVo]ving solid phases were written as dissolution
reactions in WATEQ3. The méthematical formalism in MINTEQ requires all
: reacﬁions,to be written as formation reactions. Therefore, all equilibrium
constants for solid phases in WATEQ3 were multiplied by minus one to conve;t

the log K. values to association reactions. This also resulted in

Equation (53) being rewritten as

n .
SI, = log (K.); + log [jzl xg(1,3)] C (54)

The Stable Phase Assemblage

This seétion describes how MINTEQ selects the thermodynamically stable
solids from the array of all considered solids (i.e., Type V solids) described

in MEXAMS - The Metals Exposure Analysis Modeling System. The procedure

described here has been modified only slightly from the original MINEQL

model. ‘Equation (55) is the mathematical relation which details whether a

solid will be present (i.e., in equilibrium),

xg(i’j) <0.0 . (55)

J

n
L

_log (Kr)i + log .
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This inequality simply means that at equilibrium all solids being considered
must either be in edui]ibrium or undersaturated., ~To solve this 1néquality,'
MINTEQ firsf ranks a}] cohsidered solids by their tendency’to precipftate. The
tendency to precipitate is estimated by dividihg-the saturation index by the

~ number of ions in thg solid formation reactfon. Dividing}by the number of ions
is hécessary because the saturation indices are a function of the manner in
which the chemical reaction is written. In the example below, doubling the

reaction stoichiometry doubles the saturation index. If the activities of Ca2+

and SOE' are 1 x 10'3,

ca’t + soi' > CasO,(s) , log k. = 4.0 , SI = -2,0 (56)
Tl 24 2- . ' ~ -
2 Ca + ZSO4 > 20a504(s) s log Kr = 8.0 , SI = -4.0 (57)

Di;iding the saturation indiceé by the number of 1oﬁs in the solid helps fo
eliminate this effect. -

After the solids have been ranked, MINTEQ, like MINEQL, precipitates the
solid with the highest ranking (i.e., equilibrates the solution with that
solid). The solids are ranked again and the process repeated until
Equafion (55) is satisfied. If the selection prbcess makes a wfong choice and
the mass of a previously precipitated solid becomes negative, then MINTEQ will

redissolve the amount of that solid phase which was precipitated and continue.
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Efféct of Solids on pH and pE

The dissolution or precipitation of solid phases can alter the pH or pE of
the'solutioa, MiNTEQ can model the changes in pH or pt as_So]ids dissolve or
precipitate as long as the approprjaté mass totals are known.

The mass total for H' ion is;&etermihed by use of a form of the
electroneutrality condition called the “proton condition” which is defined as
the excess or deficiency of protons over the “zero level" species (Stumm and
Morgan 1970). The "zero level" species in MINTEQ are the compoﬁénté. If
anionic components are in their unprotonated forms and all cationic components
are the uncomplexed ions, then the proton condition corresponds directly to a-
mass total for hydrogen ion or the total ionizable hydrogen (Morel and Morgan
1972). If components are chqsen which contaln H*, for examp]e HS™ or HCO3,
then ‘the proton condition does not have the physical 1nterpretat1on of a total
mass of hydrogen ion but is still computationally valid.

To correctly predict changes in pH during brecipitatinn or dissolution,
the initial proton excess or deficiency first must be determined and then
entered as the total mass of H'. To obtain the initial proton excess or
deficiency, one enters the measured pH and models the solution in MINTEQ
without permitting precipitation or disso]utian of solids. The computed
aqueous mass of H* is then the initial proton excess or deficiency. MWhen this
value is entered as the total mass of H*, MINTEQ will compute the correct pH as
precipitation or dissolution occurs.

Electrons do not exist in équeous solution. Therefore, to allow the pE to
vary during the precipitation or dissotution of solids, the mass totals for all
components of redox reactions must be known in the absence of solids. This may
reﬁuire an initial modeling run at fixed pH and pE to obtain the mass totals

for all components of redox couples. Then one merely reenters the electron as
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Type VI (see the Users Manual for MEXAMS - The Metals Exposure Analysis

Modeling System) aﬁd remodels the_so]utfon in the presence of solids. MINTEQ

will recompute the correct pE during precipitation or dissolution,
" One of the advantages to this method of computing pH and pE is that H™ and
the electron are treated identically to all other components and the new pH and

~§E—arg recomputed along with all other component activities.

Initial Mass of Solid

MINTEQ can accept input of a starting mass of solid. The initially
specified mass is added to the mass computed by MINTEQ from equilibrium
constraints. If>the mass of solid (i.e., computed mass plus initial mass)
should become negative, then MINTEQ will dissolve the initially specified mass
of solid by adjusting the mass totals in the solid formation reaction and

removing the equilibrium constraint.
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SECTION 5
NUMERICAL METHOD

MINTEQ utilizes a Newtpn-Raphéqn iterative technique to solve the series
of simultaneous nonlinear equations ré]ating component activity to total
mass. The technique is identiéa] to that described by Westall et al. (1976)
except for modifications required for the constant capacitance and triple laygr
adsorption models.
Given an initial estimate of all Xj values, MINTEQ computes all C; terms -
by Equation (1). The djffereﬁce function (i.é., relaxed mass balance
constraint) de%ined by Equation (3) is then computed; The problem now reduces
to one of finding new estimates'for the'Xj &a]ues._ In the.Newton-Raphson
iteration teéhnﬁque, a new estimate for the set of compdneﬁts vais computed by
first differentiating the set of relaxed mass balance equations, Equation (3),

with respect to the components, X, to obtain the elements ij of the n x n

~ Jacobian matrix,

2y .
Zoy = Tl a(i,j) a(i,k) Ci/x, (58)

‘where j and k vary from 1 to n and
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except for electrostatic components, For a derivation of Equatibn (58) see
Westall et al. 1976. The correction vector Ax is computed from the matrix

equation,

N

AX =y
where Ax is equal to (xy - Xy,1)s N is the iteration number and Z is the
Jacobian matrix of partial derivatives just computed. The system of linear
equations represented by this matrix equation is then so]ved-by gaussian
elimination, and a new set of Xj teéms are computed.

The convergencé criteria used in MINTEQ is identical to the criteria in

MINEQL which is,

(Y] :
J
FTEA Ce (59)

where max Y; is the maximum of the terms comprising Y; and e equals 1 x 10-3 in
MINTEQ. In the absence of solids, maximum Yj equals Tj.

In the case of the constant capacitance and triple layer adsorption models
aTj/an # 0 for the electrostatic components since the total charge depends
upon the potential. The derivatives for the e]ectrﬁstatjc terms have been

computed by Westall (1979b) and are summarized in Table 1.
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TABLE 1. DERIVATIVES FOR THE CONSTANT CAPACITANCE AND
_TRIPLE-LAYER ADSORPTION MODELS (WESTALL 1979b)

Constant Capacitance Model"
RT

Z",o,wo =T(vgsvy) + € Fy « B
- 0
Triple Layer Model
' RT
L s, = Y (wo,w.o) +Cig— 8B
o 7 0
RT.
Zhg¥y = T (vgstp) = Cp gy« B
. ¥y
| RT
Zops¥ = ) (¥pst5) - €y —« B
. (o]

RT
) L/

b
RT
Z‘bbtbd = - CZ-FY——' B
by
_ RT -
Bhgby = - Copx - B
by
_ 1/2° F Fed RT
Zogby = [+8(eeRT1) ™" opr cosh 5o + €.l gy— -« B

by
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Modified Line Search

The Newton-Raphson numerical method usugl]y converges rapidly.
Unfortunately, there are cases when the method does not converge. One of the
most common instances of nonconvergence results from extremely poor starting
estimates for the component activities. This frequently occurs for such

components as Fe3* or U

wheée the actual component activity is a small
‘fraction of the mass total. In such cases the default starting estimate of one
hundredth the mass total may be 20 or 30 orders of magnitude too high.‘ Another
common case of nonconvergence is when an aquéous solution contains two major
components with essentially a11_of the mass of each component tied up in a
common complex. In such cases, the ionic strength also varies with the major
components activities and the numerical pfoblem may become unstable.

For both of these cases of nonconvergence, the problem can usually be
solved -by making more accuraté guesses for the component activities.
Unfdhtunate]y, this may be a time consuming process. - To help solve tHeSe
problems, a modified line search has been included.

The modified line search is based on the fact that at convergence the
component activities at the current iteration are approximately equal to the
.activities at the previous iteration (i.e., xN = XN+1).(a) The line search
uses this fact to modify the component activities (Xj terms) computed by the
Newton-Raphson method. To understand the method, let X represent the compoﬁent
activity before Newton-Raphson correction and Y the value after Newton-Raphson
correction. This means that at convergence, X = Y. The modified line search

then simply monitors the progress of the iteration scheme and uses previous X-Y

points to pﬁoject new values for the component activities. The new values for

(a) The principal idea behind the modified line search was originally sug-
gested by Dr. John R. Morrey, Battelle, Pacific Northwest Laboratories.
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the component activf;ig; are‘obtained by either‘extrapo]ation or interpo]ation
to the X = Y convergence line. ’The.overall principal of the method is to
refine the component‘activitiés to be close enough to the final solution values
that the Newton-Raphson method will converge. The new values for the component
activiiies are then used as the new starting estimates for the Newton-Raphson
itefation. Figure 3 éresents a logic diagram of the method.

.An example convergence pattefn for Fedt

is shown in Figure 4. Figure 4 is
a schematic of the following discussion.‘ An initial estimate-of the 1dgarithm
of the activity of Fe3* (X ) was made of -4.00. The Newton-Raphsdn iteration
then produced a new estimate (Yo)'of -4.35. Since this is the first point, a

new X; was computed,

Newton-Raphson iteration then yields Y, = -4,52. Since both points are on the
same side of X = Y, and the computed slope is 0.96 and -since there are only two
_points on this side of the line, the model chooses the closest point on the

X =Y line [i.e., Xy = (Xq + ¥1)/2.0 = -4.35]. Newton-Raphson iteration
produces Yp = -4,70. The point (X2,Y) is on the same side of the X = Y line
as the previous points, and the computed slope bgtween the last two points
equals 1.0l. Now, however, there are three points on the same side df X=19Y
and the algorithm extrapolates, X3 =2 * Xga) = -8.70. Newton-Raphson then
fetqrns a value of Y3 = -9.00. Since th%s is also on the same side of the

X = Y line and the slope is still approximately equal to one, the model

(a) In comparing Figure 3 Xy_3 equals zero for the first extrapolation.
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FIGURE 4. Example Convergence Pattern for Fe3* Using the Modified Line
Search. All values as logarithm. ’
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~extrapolates again X4 = 2X3 - Xg ='-13.40. Newton-Raphson then returns Y4 =
-13.1.  The point (Xg5Yg) is now 6n the other side of X = Y and the model
~interpolates a new point [Xg = (-slopesXy + ¥4)/(1.0 - s]ope)] = -10;9.
Newton-Raphson then returns -11.1 which satisfies the mass ba]énce criteria
within 50% and the line search is complete.

It should be remembered that the line search utilized in MINTEQ was tested
on only a few sample problems. The method is not intended to be used’unless
the user has been unable to get the Newton-Raphson method tb converge. In such
cases the method may prove useful but the users are advised that this option

should be used at their own -peril.
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SECTION 6

THERMODYNAMIC DATA BASE

INTRODUCTION

The use of mass action expressions in MINTEQ requires the ﬁse of
equilibrium constants (log K2) at a reference temperature of 298.15°K and zero
jonic strength for entry into the data base. Equilibrium constants are
-extrspolated by MINTEQ to temperatures other than 298°K by use of the Van't
Hoff relation which reﬁuires the enthalpy of reaction (AH?,zgg)’ when
analytical expressions for log K? are not available.

The equilibrium constants can be determined directly from soiubi]ity,
potentiometric, ion exchange or other analytical methodologies (Rossotti 1981),
.of compufea from ca{cu]ated Gibbs free energies.of reaction by the

relationship,

0

AG
_"'r,298

109 K. 298 = 2:303 RT

where AG?,ZQB = XAGf,zgg (products) - fo,zgg (reactants). The free energy of

formation (AG$,298) is related to the heat of formation and entropy by,

- 298.15 AS2

H 298

o 0
AGg 598 = BHe 59
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Calor1metr1c measurements of the heat of solution and heat capac1ty can be
used to compute AH? and AS%gg, respect1vely. The enthalpy of react1on is

readily computed,

0 .0
AHY 208 = TAHE pog (Products) - TaHg ,oq (reactants)

Data for AH can be obtained from calorimetric measurements of the heat of
- solution or AH?,ZQB‘can be calculated from the_ experimentally determined

variation of log K? with temperature,

DATA IN MINTEQ.

The selection of accurate and reliéb]e thermodynamic data is extremely.
important to the reliability of chemical equilibrium model calculations
(Nordstom et al. 1979). MINTEQ contains the WATEQ3 data base (Ball et al.
1981; Ball et al. 1980;(3) Truesdell énd Jones 1974) which is the most
thoroughly documented and evaluated thermodynamic data base used in any
available geochemical model. However, when more recent.and reliable experi-
mental data, or data for reactions not present in tﬁe data base, become avail-
able, they should be included in the MINTEQ data base. The data base also
contains some tabu]ated values for the minimum and maximum values for some
equilibrium constants to assist in evaluating alternative thermodynamic data.

The thermodynamic data for MINTEQ will be listed in @ppehdix A. The

included references refer to the selected values for 1og.Kg and AHg’zgg. The

(a) A few clay minerals with either exchangeable cations in the chemical
formula or variable component sto1ch1ometr1cs as a function of pH were.
not included.
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" references db not give the .primary source of the data but are intended as

indexes to the tabulations wh{chhgive-the specific reactions and data sources.

ACCESSORY DATA
In addition to thermodynamic data, the MINTEQ data base also contains

necessary supplementary data for each species. The data are summarized in

Table 2. Most of these parameters have been previously described in this

document or the accompanying User's Guide MEXAMS - The Metals Exposure Aha]ysis

Modeling System.

A1l Debye-Huckel parameters were taken directly from the WATEQ3 data base
(Ball et al. 1981), the majority of which were in turn obtained from the
tabulation in Truesdell and thés (1974). Many of the Debye-Huckel parameters

in the WATEQ3 data base for aqueous species of Cu, Mn and Zn were estimated.

TABLE 2. SUPPLEMENTARY DATA IN THE MINTEQ DATA BASE FOR EACH SPECIES

Charge

Gram formula weighi

Carbonate alkalinity factor

Extended Debye Hucke1.parameters

Name

ID Number
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'APPENDIX A
REACTIONS AND THERMODYNAMIC DATA

This appendix contains a listing of the thermochemical data in MINTEQ.

The references are for the equilibrium constants and enthalpy of reaction data.
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(a)
(b)

(c)

(d)

(e)

(f)
(9)

(h)

Footnotes for Tables A-l, A-2, A-3.

reaction written in terms of H*(aq) and H,0(aq).

reaction wr1tten in terms of CO% (aq) rather than HCO3(aq). For the
react1on'

+ - -
HY + C0§~ 2 HCO3

log K = 10.33, aAHQ = -3.617 taken from Ball et al. (1981) to maintain
consist?nsy w1th Ehat data base. Log K is the same as in NBS 270
series.

reaction written in terms of PO “(aq) rather than HPOE (aq). For the
reaction:

Y + PO3” = HPOS"

log K = 12,346, AH? = -3.53 taken from NBS 270-3 and identical to the

values in Ball et al. (1981).

reaction written in terms of P04 (aq) rather than HyPOz(aq). For the
reaction:

+ 3- =
ZH. + P04 :H2P04

“log K = 19.553, AH® = -4,52 taken from NBS 270-3(P) and identical to

the values in Ballret_al. (1981).

reaction written in terms of cu*l rather than Cu*2 and e~. For the
reaction:

Cu+: cu+2 + e

Tog K = -2.72 and AHQ = -1.65 from NBS 270-4, which is also the same
values used in Ball et al., (1981).

addition of WATEQ3 reactions 544 and 542 in Ball et al. (1981).

reaction written in terms of coé “(aq) rather than HyCO3(aq).
Thermodynamic data taken from Ngs 270-3.

react1on written in terms of HS™(aq) rather than 52'(aq) AG? and
AHf for HS"(aq) from NBS 270-3.

(a) The NBS 270 series referred to here consists of NBS technical notes 270-3
‘(Wagman et al. 1968), 270-4 (Wagman et al. 1969), 270-6 (Parker et al.
1971), and 270-8 (Wagman et al. 1981).

(b) aG2 for H2p04(aq) in NBS 270-3 is in error and should be

-270.17 kcal.
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i reaction written in terms of H3As03( aq rather than AsO aq For
. 3
the reaction: _

As0F™ + H* %5 H3As0Q
log K = 20.6, AHQ = -3.43 from NBS 270-3.
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2.

3.

4.
5.

) 6'

7e

i 8.

9.

10.

11.

Qata Sources -for Tebles,A-l, A-2, A-3.

Ball et-al. (1980)

Baf] et al. (1981)
Plummer et al. (1976)
%ruesdell and Jones (1974)

Recomputed by Krupka et al. (2) who reference Dongarra and Langmuir (1980)
for the equilibrium constants.

Computed by Krupka et al. (a) who reference NBS 270-8 (Wagman et al,
1981).

Recomputed as part of this study using the data of Robie et al. (1978).
The calculations are consistent with the accepted ancillary data of Krupka
and Jenne (1981).

Recomputed as part of’ thlS study. dG? and AH? taken from Helgeson et al.
(1978). ) , . :

Recomputed as part of this study. 'AG? = 65.9 taken from Truesdell and
Jones (1974) for: ~

A1,Si4010(0H), + 12 Hy0 45 2A1(0H)Z + 4H,Si0§ + 24*,

Reaction rewritten in terms of Al13*(aq) consistent with the ancillary data
of Krupka et al. (1982).

Recomputed as part of this study. AGf computed from log K in Baes and
Mesmer (1976) written with CO»(g). taken fro Rob1e et al. (1978).
A1l ancillary data taken from NBS 270 except Cu *(aq) and Cu(0) from
Robie et al. (1978). ‘

Krupka and Jenne (1982).

(a) Krupka, K. M., E. A. Jenne, and W. J. Deutsch (DRAFT). "Validation of the

WATEQ4 Geochemical Model for Uranium." PNL-4333. Pacific Northwest
Laboratory, Richland, Washington.
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3

7517134
3

TABLE A.1. Thermochemical Data for

T Levva 893 1,000 108

XU02808 AD  S,1u¢ 2,189

1,009 893 1,000 732
KU02SVA)2=2 b, 104 4,183

1,000 893 2,000 732
KUBZHPO4 AL ~&,190 28,814

1,000 893 1,000 560 {1,000
KUDZHPOW)2 =11,999 43,988

t.000 893 2,000 588 2,000
KUO2HEPUAel 3,700 22,043

1,000 893 1,000 500 2,008
KUQZHEPUR)R w165 44,10

1,000 893 2,000 5% 4,000
RUO2HZP04Q)3 «2d,0 66,245

1,000 893 3, 0v0 %89 6,008
xuoendsios 02,

1,000 893 1,800 170 vl 0v0
K82 »2 11,4 w4, 530

Lo0vp 730 1,000 7334 o], 008
K33 o2 U, 4 wil, 282 .

1.008 140 2,000 134 of, 000
K88 =2 9.7 «9,0829

foo0n 7350 3,000 7314 o), 009
S5 «2 9.3 9,595 i

1,600 730 4,098 130 ol 000
KSo =2 9,808

1,800 73p 3,000 13} e}, 800

Reproduced from

best availab

le copy.

330
350
330
330
310
349

-350

350
330
350

3%

.a.
«d,

Aqueous Complexes (Default Type II)

3606,0894
42,1510
366,0072
461,908%
367,0451
464,002
569,989
365,133
o4, 120

9,192

120,236
160,329
192,304
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REACYLION NUMBER
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591
592
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994
595
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TABLE A.1. (contd)

REFERENCE WATEG
A ]
2 1400 142 1,000 330 REACTION NuWeER
0913300 KuOn ¢} 11,013 »@,656 3, B¢ 6,0 233,0368 2 543
3 1,080 89} 1,000 2 1,008 330
8913301 wULONI2 *2 17,730 . ed, 270 2, 0,0 8,0 273,0437 F] LTTY
“2,808 S50 1,090 893 2,008 2 , ]
8913302 KULOH)S o1 22,040 4,938 1o 0,0 0,0 209,091 ] 947
3 1,000 899 s,000 2 3,000 339
8913303 xu(OM)a an 24,700 8,498 ' 0, U0 0,8 306,030 F] 548
3 1,008 891 “ 0 2 of,08v8 330 !
8933504 KULUH)S «f 27,575 ofd, ld0 oy U8 B0 32,0099  § 549
3 ' TTRTT S,000 2 3,008 330 :
8912700 RUF +3 5,990 - 84059 3, B0 0,0 257,0278 ] 356
2 1,000 894 1,000 2706
8912761 KuFe +2 7,200 14,457 2y 0,0 0,0 274,029 t S8y
2 1,000 89% 2,000 270
8912702 xuFs ey To150 19,419 1e 0.0 0,0 293,0342 ] 338
2 1,800 891 3,000 210 .
8912763 KUF4 Ag 4,000 23,040 B, 0,0 U0 14,0326 2 339
2 1,000 891 4,000 2319 '
8912708 KUFY ef a,8%0 23,238 ol, 4,0 0,80 3331,82)0 ] Sed
2 fo000 894 S,008 270
0912723 xuro 2 3,300 IRIT ody B0 9,9 332,0819¢ Fl 864 -
H 1,000 891 0,000 270
89116800 KuCL ¢) 9,933 1,338 3, U0 0,0 273,4820 [ 4 564
2 1,08 89y 1,000 180
8917320 XUBLY o 3,740 5,401 8, U0 0,0 334,090 3 568
2 1,008 89y 1,008 732 '
8917321 KuU(S04)2 4G 7,000 9,749 0, 0,0 0,8 43,1922 2 366
2 1,000 89y 2,008 132
8915809 KUNPOS ¢2 7,500 24,443 : By B 0,0 334,00088 ] 367
3 1,000 891 1,000 560 1,008 339 )
8915001 KU(MPOA)2AQ 1,700 46,833 0, 0,0 3,0 429,9817 ] t 11
3 1,000 89y 2,000 500 2,000 330 »
8915802 KU(NPO4)Jed =7,0800 67,564 o2, 0,0 0,0 523,901 2 369
3 1,000 89t 3,000 %80 3,0v0 330
8915003 KUINPO4)Ael =2p,504¢ 83,483 o, 8,0 0,8 21,9463 2 370
3 1,000 89} 4,009 580 4,0v0 330
0933300 nyLLOn ¢f  fu,2le 5,09 1, 6,6 9,0 287,052 S o=y
‘ 3 1,0v8 893 1,000 2 e} ,0v00 330 L
8933301 KU02)201n2+2 10,230 5,045 2, 6,0 0,0 Sra,0703 2 513
pra 3 2,0ve 893 2,000 2 2,008 332
Sa 89333¥2 KUDE) 30HS+t 25,075 15,593 : 1o 0,8 6,0 893,13¢3 2 376
2o 3 3,000 893 S,0080 2 5,00 330
- 8931800 aUD2COY A B,080 10,078 8, V8 9,0 33,0372 ] S8y
< & 2,00 2 1,000 693 1,008 140
&0 8931401 KUURCO3)2<2 3,400 17,000 -2y 0,8 0,0 392,0483 2 ss2
v® 4,00 2 1,400 893 2,000 140 : :
<z - 8931402 KUUCCO3)3~4 -0,7an 21,364 4y V,0 8,0 43,0559 2 se3-
®3 6,90 2 1,008 593 3,040 14v
23 8932709 KUOZF ¢} -0,450 S,105 : fe 0,0 0,0 289,0202 2 588
° 2 1,004 693 1,868 270
< 89352701 KUUCF2 AD  =u,Yub 8,924 U, ¥,0 0,0 308,024 2 Sab
e Loun 893 ¢,008 270
8932702 KUODZFS e« v, 890 114304 oly, W0 B,0 3I27,0230 [ 587
e 1,000 6934 3,000 270 ' ’
8932703 KUULFY +2 -1, 1v4 12,607 ~2, ¥,0 ¥,0 3ap,0214 2 £ 1.1 ]
2 o0 099§ 4,099 270 .
8931800 KYLSCL ¢+ 1,038 “,220 le Ve B,0 3095,40808 ] s89
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TABLE A.3. Thermochemical Data for Minerals and Solids (Default Type V or VI)‘
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