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ABSTRACT

Aqueous copper and lead adsorption onto a well-
characterized synthetic goethite was investigated at 25°C in
batch experiments. Initial total metal concentrations were
varied from 10’4,to 10-6 M for copper and 1072 to 10L7-ﬂ_for
lead. Ionic strength (I) was adjusted to either 0.01 or 0.1
M with KNO3 or KHCO3. Final pH values ranged from about 5
to 9 in experiments with varying amounts of total dissolved
carbonate (CT)' Surface area of the goethite was 31 m2/g.
Rate studies indicated that adsorption attained equilibrium
within about one hour.

Nearly complete adsorption of copper and lead took
place at pH values below the point of zero charge of 7.6,
indicating that specific adsorption occurs. Copper is more
strongly adsorbed than lead. Fractional adsorption was
greater at lower metal concentrations. Differences in ionic
strengths up to.I=0.1 M (as KN03), and changes from Cy=0 to
atmospheric conditions (PCO2=10'3'5 atm.) had no effect on
adsorption. .

. Above-atmospheric Cy conditions inhibited copper and
lead adsorption. This inhibition is proportional to Cr, and
is a function of pH and total metal concentration. The

inhibition is probably due to copper and lead carbonato
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complexing, which becomes important at pH's above 6.5-7, for
CT=0.61 M, and total metal concentrations of 104 to

10"5 M. This reflects the relatively weak adsorption by
goethite of neutral and anionic metal carbonato complexes in
contrast to strong adsorption of free ion and/or cationic
copper. and lead hydroxo complexes. This sEudy indicates
that the mobility of copper and Tlead in soil and groundwater
systems is a function of their pH and C; content,

Adsorption was successfully modeled with the surface
complexation site-binding model assuming either outer or
inner sphere adsorption of metal ions. Assumption of outer
sphere adsorption indicates that hydroxo species are
adsorbed whereas assumption of 1nner sphere adsorption
indicates that free ions are adsorbed. It is not clear from
this study which of these approaches 1is preferable.

Addition of reactions and intrinsic complexation
constants for the adsorption of HCO3~ and 0032‘ onto
goethite does not improve model fits of experimental data,
and results in an overestimation of lead adsorption when
previously determined copper and lead intrinsic complexation
constants are used.

The surface complexation site-binding model was not
able to adequately model metal adsorption inhibition at

elevated CT conditions. However, change from CT=0 to

iv
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atmospheric conditions was successfully modeled. Adsorption
density changes were qualitatively and semi-quantitatively
modeled. The model gave good fits for varied ionic

strengths,
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INTRODUCTION

Trace metals in the natural environment follow a
complex network of migrational pathways in which the
atmosphere, 1ithosphere, hydrosphere, and biosphere are all
involved. Basic understanding of the mechanisms which
govern trace metal mobi]ity is essential to the
determination and predictive modeling of environmental
pathways. This research pertains to copper and lead
mobility in aqueous systems which contain mineral
substrates.

It has long been noted that solubility reactions do not
provide én adequate explanation for the low trace metal
concentrations found in natural wate}s. Hence, the effect
of mechanisms other than sp]ubi]ity control must be
evaluated to explain these low concentrations. Trace metal
mobilities in natural water/rock systems are usually
dominantly controlled by adsorption-desorption reactions
(Jenne, 1968; Hem, 1970; Leckie and James, 1974). This
control is partially due to the often rapid equilibration
times of sorption reactions as compared to the often longer
equilibration times of water-mineral solubility reactions.
Rapid equilibration rates for sorption reactions reflect the

fact that'sorption is predominantly a surface phenomenon.
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Solubility reactions equilibrate at relatively high
metal ion concentrations (dependent upon specific mineral
solubilities), whereas adsorption-desorption reactions will
equilibrate at any metal ion concentration below that
corresponding to mineral saturation. Adsorption-desorption
tends to be very effective at the low concentration levels
tyﬁical of trace metals in natural waters. This tendency is
illustrated by the adsorption isotherms in Figure 1. As
indicated by this plot, there is significant trace metal
adsorption at low dissolved metal concentrations. At these
concentrations in excess of 99% of the dissolved metal is
often adsorbed onto the solid phase. Such low metal
concentrations are typical in the natural environment, yet
little is known about adso}ption mechanisms at such
diminutive concentrations.

There is a pressing need to study, and so to understand
and model these sorption processes and their role in the
mobility of trace metals. Interest in sorption studies and
their implications has been expressed by researchers in such
disciplines as agronomy, geochemistry, physical chemistry,
environmental sciences, medicine, and engineering.
Successful predictive modeling of trace metal sorption
processes has extensive applications in: (1) trace metal

pollution and water treatment processes; (2) geochemical
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Figure 1: Adsorption isotherms of zinc on goethite in 0.1 M
NaCl (after Bowden and others, 1973). Open circles are for
data at pH 5.5, closed triangles for pH 6.0, closed circles
for pH 6.5, and open triangles for pH 7.0.
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exploration; (3) the understanding of trace metal
accumulations; (4) plant and animal nutrition; and, (5)
environmental health and disease.

There are two principal objectives of this study: (1)
to examine the adsorption of aqueous copper and lead onto
well-characterized synthetic goethite under a variety of
aqueous conditions; and, (2) to model the adsoéption data
using the surface complexation site-binding treatment of
Davis and others (1978) as applied with the computer program
MINEQL (Westall and others, 1976). Goethite was chosen
because it occurs naturally and is often a major component
of soils, sediments, and suspended matter in streams and
aquifers. It is known to have a high adsorptive capacity
for heévy metals and is active in the attenuation and
transport of these metals, especially at neutral to alkaline
pH's (Jenne, 1968).

Sorption was studied in batch laboratory experiments
using the sorbent phase in suspension. Copper and lead
sorption were measured as a function of pH, ionic strength,
total carbonate carbon, and metal concentration. The pH was
adjusted to values between 5.0 and 9.0 using HNO3 or KOH.

Ionic strength was adjusted to either 0.01 M or 0.1 M with
| either KNO3 or KHCO3. The experiments were conducted at

initial metal concentrations of 104 M, 1075 M, and 1076 M
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for copper and 10-° M, 10~ M, and 107 M for lead. These
concentration levels were chosen to simulate concentrations
found in natuka] systems.

Thermodynamic data for Cu and Pb aqueous hydroxo and
carbonato complexes and minerals were collected and used in
computer program models to determine Cu and Pb speciation

and solution-mineral equilibria.
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BACKGROUND INFORMATION AND LITERATURE

ELECTRICAL DOUBLE LAYER THEORY

Solid surfaces acquire an electrical charge when in
contact with an aqueous phase. This surface charge produces
a microenvironment of electrical potential imbalance which
influences the distribution of neighboring ions such that
ions of opposite charge, counterions, are attracted toward
the charged surface and ions of like charge, coions, are
repelled away from that surface. The total! net charge of
the substrate and solution must be balanced to preserve
electroneutrality. Under most natural conditions, the
surfaces of particles in solution exhibit a net negative
charge and, as a result, tend to attract cations.

Upon examination of charged surfaces in aqueous
solution, it is necessary to consider both the nature of the
electrical potential at the solid/solution interface and the
distribution of the neighboring ions in solution. The
situation is often described as a double layer of charge,
the electrical double layer (EDL), in which one layer is
localized next to the surface and the other layer is
developed in a diffuse region extending out into the

solution (Adamson, 1976; Stumm and Morgan, 1981). The
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double layer results from an equilibrium between coulombic
(electrostatic) forces and Brownian motion of the liquid
molecules.

Historical development of EDL theory is discussed by
James and Healy (1972a, 1972b), Adamson (1976), and Shaw
(1980). This theory was proposed by Helmholtz in the late
1800's. He suggested that a charged particle behaved as a
simple capacitor in solution. The Helmholtz model,
sometimes referred to as the fixed layer model, proposes
that, in order to retain electroneutrality, each charged
surface in an aqueous medium has ‘a fixed layer of counter-
ions which serves to balance the charge on the surface.
This purely coulombic approach is not realistic for high
surface potentials.

During the early 1900's, Gouy (1910) and Chapman (1913)
independently suggested a diffuse distribution of ions near
a plane charged surface. They maintained that the ions at
the charged surface are subject to the influence of thermal
kinetic motion as well as the coulombic forces suggested by
Helmholtz. These interactions result in a Boltzmann-type
distribution of charge density of the ions in solution with
distance from the charged surface. Shaw (1980) states that
the Gouy-Chapman model assumes: (1) that the ions are point

charges, thus neglecting ion size, ion solvation, and
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specific adsorption of ions; (2) that a plane charged
surface exists; (3) that a single symmetrical electrolyte
exists; and, (4) that the solvent only affects the double
layer through its dielectric constant. The Gouy-Chapman
model is on]y quantitatively applicable for dilute solutions
and for small surface potentials (Stumm and Morgan, 1981),.
Stumm and Morgan (1981) provide discussions of the
mathematics and derivations of the equations used in these
models.

Stern (1924) refined the Gouy-Chapman model by
suggesting that the region near the surface be divided into
two parts, the first part being a compact (Stern) layer of
ions adsorbed at the surface and the second being a diffuse
(Gouy) layer. Stern suggested that ions retain their
hydration sphere during adsorption. The Stern model
considers ionic sizes and surface attraction by something
other than electrostatic force (specific ion adsorption).
Therefore, Stern layer ions can be subject to both
electrostatic forces and specific adsorption such that, if
the specific interactions prevail, the Stern layer may
exhibit supérequiva]ent adsorption (i.e. the adsorption
would overcompensate for the net surface charge) (Stumm and
Morgan, 1981).

Figure 2 provides visual and graphical representations
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Figure 2: Distribution of charge, ions, and potential at
solid-solution interface as concejved by different models
(Stumm and Morgan, 1981).
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of the distribution of ions, electrical potential, and
charge at the solid/solution interface as described by each
of the above models for the case of a negatively charged

surface where:

= (fixed) surface charge density (uC/sz)

oy = Helmholtz layer charge density

og = diffuse (Gouy) layer charge density

og = Stern layer charge density

Yo = surface potential (potential difference
between the surface and the bulk
solution) (V)

yg = Stern layer potential

yq = diffuse double-layer potential (derived

from Gouy-Chapman diffuse layer theory)

x = distance from the surface of the solid (cm)

The sum of the surface charge density, the Stern layer
charge density, and the Gouy layer charge density must be
equal to zero in order to retain electroneutrality.
Grahame (1947) altered the Stern model with the
suggestion that specifically adsorbed ions release their
hydration waters from the side closest to the oxide

surface. Hence, with the Grahame model specifically
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adsorbed ions may approach the surface as close as a
distance equal to their unhydrated radius.

James and Healy (1972a, b, c) further refined the
previous models by proposing that the Stern layer is
separated from the surface by at least one layer of adsorbed
interfacial water molecules. Hence, the sorbed ions retain
their inner hydration spheres. This model serves to
preclude direct chemical bonding and, in most cases, favor
the adsorption of hydrolyzed species over free ions. The
James-Healy model is based on the idea that the free energy
of adsorption consists of three separate terms:

MGyqg = 4G + 4G

coul T AGso]v chem

where AG is the coulombic term, AG is the solvation

coul solv

term, and AG is the chemical term. The coulombic term

chem
can either favor or oppose adsorption based on the net
surface charge. The solvation term is related to the amount
of energy required to remove the secondary hydration sheath

from the adsorbing ion. The chemical term is used as a

fitting parameter.
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SURFACE CHARGE MECHANISMS

Stumm and Morgan (1981) describe three possible origins
of surface charge including: (1) chemical reactions at the
surface of the particle; (2) crystalline imperfections,
broken bonds, and isomorphous replacements within the
crystal lattice; and, (3) ion adsorption. These different
origins of surface charge are categorized into two idealized’
end-member types of charge distribution: (1) constant
surface potential (e.g. metal oxides and hydroxides, and
edges of clay minerals) where the surface charge is
dependent on the composition of the surrounding solution,
but the magnitude of the surface potential is not affected
by the presence of indifferent electrolytes; and, (2)
constant surface charge, which is approached by smectites,
where the surface charge is independent of the surrounding
solution composition (van Olphen, 1977; Stumm and Morgan,
1981). Many minerals exhibit combinations of these
idealized end-member types of charge distribution. A
discussion.of the fixed surface potential charge

distribution follows.
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Fixed Surface Potential
(Metal Oxides and Hydroxides)

Burns and Burns (1977) have described the structure of
goethite as double chains of linked [Fe(O,OH)5] octahedra
with orthorhombic symmetry obtained by cross-linkage of
adjacent double chains through corner sharing of oxygen
atoms. The structure of goethite lends itself to the fixed
surface potential type of charge distribution.

Many oxides, hydroxides, hydrous oxides, and organic
materials contain ioniiab]e functional groups. Surface
charge can originate from the dissociation of surface
functional groups. For example, the OH group on the surface
of an hydroxide may dissociate in a near neutral (sometimes
moderately acidic) or alkaline aqueous medium in a manner

analogous to a weak acid:

S-0HO & $-0" + H¥(,q
where S is a part of the mineral structure and the OH group
is on the surface of the mineral. By dissociation of
adsorbed water molecules, oxides can obtain charged suffaces
in a similar manner,

The charge on the particle surface is dependent on the

pH of the surrounding medium such that neutral or alkaline
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conditions will result in a negatively charged surface by
loss of a proton (hydrolysis). Under acidic conditions,
excess protons are adsorbed on the surface yielding a
positively charged surface. These simple amphoteric
ionization reactions of surface sites can be represented as

follows:

S-0Hp," & S-0HO + HY = 5-07 + H'

(Tow pH) (high pH)

where S is a part of the mineral structure. At some
intermediate pH, termed the point of zero charge (PZC), the

net surface charge will be equal to zero such that:
[5-0H2+] = [5-0"]

The PZC for Fe oxides varies from below 6 to 9, so natural
Fe oxides are usually near their PZC in natural waters
(Parks, 1965). Because the charge on the surface is
controlled by the amount of H' and OH™ in solution, these
jons are considered to be the potential determining ions
(PDI's).

Davis and others (1978) state that, in addition to the

reactions involving protons and hydroxide ions, there can be
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complexation reactions; the word "complexation" in this
context does not imply any particular type of bonding. In
these complexation reactions, counterions are able to
interact directly with the surface and adsorb to neutralize
specific sites. The formation of surface complexes
readjusts the acid-base equilibria and affects the proton
balance (Davis and others, 1978).

Uptake of cations by oxides and hydroxides is strongly
pH dependent. In the case of nonspecific adsorption, there
is essentially no cation adsorption (other than H+) at low
pH's (positive surface charge) but, at high pH's with
extensive ionization of surface functional groups and an
increasingly negative surface charge, virtually all cations
are strongly adsorbed. For most monovalent cations (except
H*), adsorption is usually nonspecific (bonding by
electrostatic force) (Kinniburgh and Jackson, 1981). In the
case of divalent cations, specific adsorption can occur,
particularly at trace cation concentrations. Different
substrates have different affinities for such cations.

There is a narrow pH region, knpwn as the adsorption
edge, in which the transit{on from essentially no adsorption
to essentially complete adsorption (>99%) takes place (James
and Healy, 1972b; Kinniburgh and Jackson, 1981). This pH

region is characteristic of the particular adsorbing metal
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ion, its concentration, and to a lesser extent on the
particular substrate. The rapid increase in percent metal
uptake is accompanied by a net release of HY (or a net
uptake of OH™) (James and MacNaughton, 1977; Kinniburgh and
Jackson, 1981)., It should be kept in mind that these proton
exchanges involve specific adsorption of multivalent cations
(Kinniburgh and Jackson, 1981)., It is not clear if the
protons released come from ion exchange reactions with
surface OH groups or from the preferential adsorption of

hydroxo complexes, or both.
DISCUSSION OF SORPTION.MODELS

Many researchers have endeavored to model and predict
the behavior of metals in soil and ground water systems.
The numerous modeling approaches can be separated into three
general categories: (1) Adsorption isotherm equations
(Posselt and others, 1968; Soldatini and others, 1976;
Riffaldi and others, 1976; Garcia-Miragaya and Page, 1976;
Harmsen, 1979); (2) Mass a;tion models (Krishnamoorthy and
Overstreet, 1949, 1950; Garrels and Christ, 1965; Truesdell
and Christ, 1968; Bittel and Miller, 1974; Maes and others,
1975; Langmuir, 1981); and (3) Double layer and surface

complexation models (Menzel and Jackson, 1950; Dugger and
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others, 1964; James and Healy, 1972a, 1972b; Huang and
Stumm, 1973; Steger, 1973; Hildebrand and Blum, 1974; Yatés
and others, 1974; James and others, 1975; Schindler and
others, 1976; Hohl and Stumm, 1976; Bowden and others, 1977;
Davis and others, 1978; Davis and Leckie, 1979; James and
Parks, 1982; James and others, 1981; Westall, 1980). Each
of these categories is discussed in following sections and

examples of some of the models are given,

Adsorption Isotherm Equations

Several theoretical and empirical mathematical
equations have been formulated to describe adsorption
density. Adsorption density is defined as the number of
moles of adsorbate C adsorbed per unit mass of adsorbent.
Two of the adsorption isotherm equations are discussed
below.

The Langmuir isotherm was originally de&e]oped to
describe gas molecule adsorption by tungsten at high
temperatures with only one type of adsorption site and a
singlehadsorption energy potential. It has since been
applied to adsorption from solution. Several assumptions
are inherent in the Langmuir isotherm: (1) the energy of
adsorption must be constant and independent of surface

coverage; (2) adsorption takes place on localized sites; and
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(3) total adsorption is limited to a monolayer coverage of
the surface. The Langmuir isotherm can be expressed as:

) Xm bC
1 + bC

where X is the amount of sorbate adsorbed by a given mass of
sorbent (micrograms/gram), C is the equilibrium
concentration of sorbate in solution (micrograms/liter), X,
is the adsorption maximum at monolayer coverage
(micrograms/gram), and b is an empirical constant related to
the free energy of adsorption. The isotherm equation can be

linearized, by first inverting, to give:

1 _ 1, 1
X Y; XmBC
for graphical evaluation of the constants X, and b.
The Freundlich isotherm may be written:

x = kct/m

where X and C are as defined above, and K and 1/n are
positive empirical constants (n >1.0 in most cases). Log
transformation of the equation allows estimation of the

constants via a linear plot of empirical adsorption data:
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log X = Tog K + 1/n log C

The Freundlich isotherm can describe extreme cases of the
Langmuir isotherm where C is very large or very small. At
Tow concentrations of C, the Freundlich equation does not
express X as a linear function of C thereby predicting

infinite surface coverage at infinite concentration (Rubin
and Mercer, 1981). The simple Langmuir and Freundlich

isotherms are restricted in use to constant pH conditions
when protons compete for adsorption sites with cations or

anions.

Mass Action Models
The reaction for homovalent ion exchange involving

monovalent cations may be written:

+

A" (aq)

+ BX = AX + B'
(aq)

where AY and BY are exchangeable cations, and X represents

the negatively charged sorbent framework. Where a

monovalent and a divalent cation are competing for exchange

positions, the reaction may be written:
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+

2
A" (aq)

+ 28X = AX, 23+(aq)
Ion exchange takes both valence and other properties of
the individual ions into account., It allows for the
possibility that one ion might be preferred over another due
to size or the character of chemical bonding (0Ozsvath,
1979). For the case of monovalent-monovalent exchange, ion

exchange may be written as:

+
o [8%1 (ax)

€X  [A%1 (BX)

A specific condition of ion exchange is Donnan exchange
(Keyx=1) which considers only valence effects and relative
solution concentrations but not ion size. For the case of

monovalent-monovalent exchange it can be expressed as:

ex [A+

and for monovalent-divalent exchange:

4.2
18717 (ax,)

ex - [A2+] (BX)2 = 1.0

K

where [A"*] and [B™*] represent the amounts in solution

(molal concentrations) and (AX) and (BX)- are the amounts
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adsorbed (mole fractions).

A more general mass action model is the n-power
exchange function of Langmuir (1981). This function is a
general empirical model to relate activities of dissolved

species to their adsorbed mole fractions and can be

(8 *1 / (AX) \\ n
K =
ex [A *] \(BX) /

expressed as:

for the reaction

At +BX=AX+B+(

(aq) aq)

where the brackets denote aqueous molal activities of A and
B, AX and BX are the mole fractions of each species on the
surface, and n is a constant.

The n-power exchange function takes valence, size
effects, and specific interactions into account. It
corresponds to a regular solution exchange model (Garrels
and Christ, 1965; Truesdell and Christ, 1968) when the mole
fraction value of AX or BX lies between 0.25 and 0.75, and
to the Freundlich isotherm at higher or lower mole fraction
values (Langmuir, 1981).

The log form of the n-power exchange function can be
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expressed as:

B
[AT]

B

—i
>

log = log Kex + n log

b

X

such that a plot of log ([BY1/[A*]) versus log (BX/AX) has a

slope of n and a y-intercept of log Kgy.

Double Layer/Surface Complexation Models

Many models combine double layer theory (see the
Electrical Double Layer (EDL) Theory section of this thesis)
with a variety of other approaches for the treatment of
adsorptive modeling. For examp]e? the thermodynamic
adsorption model proposed by James and Healy (1972a, 1972b)
makes use of Langmuir isotherm equations. The surface
complexation models proposed by Huang and Stumm (1973),
Yates and others (1974), Hohl and Stumm (1976), Schindler
and others (1976), Bowden and others (1977), and Davis and
others (1978) all make use of mass action equations.
Westall and Hohl (1980) evaluated five different models for
the oxide surface/electrolyte solution interface. They
found that experimental data could be described equally well
by all of the models. A surface complexation type of
electrostatic adsorption model will be used to model the

sorption of Cu and Pb onto goethite in this study.
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Surface complexation models take into account the
amphoteric properties of metal oxide and hydroxide surfaces
in aqueous systems. These models suggest that there is
complex formation between ionized surface groups and the
adsorbate. They take into account the pH dependence of the
concentration of these surface functional groups (see the
Surface Charge Mechanisms, Fixed Surface Potential section
of this thesis).

Surface complexation models treat the reactions between
solutes and solid surface functional groups as coordination
reactions that obey mass action equations and mass balance
equations. Hence, the concepts and mathematics of
complexation processes become applfcab]e to adsorption. The
major problem with this treatment is that surface
coordination reactions involve electrostatic interactions
between the adsorbates and the charged surface such that the
total free energy of adsorption must be separated into a
purely chemical term and an electrostatic term. The various
surface complexation models differ in their formulation of
this electrostatic term. Also, these models differ in their
description of the surface/solution interface (Morel, 1983).'

The surface complexation site-binding model (or triple
layer model) introduced by Yates and others (1974) and
applied by-Davis and others (1978) is the model used in this
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thesis. It assumes the EDL to consist of two constant
capacitance layers and an outer diffuse layer (see Figure
3). Protons are assumed to bind directly to surface
oxides. They contribute to the surface charge, o,, and
experience the surface potential, Vo o

The second layer, the inner Helmholtz plane (IHP) or
"g" layer, is the mean plane of specifically adsorbed
counterions. The IHP is separated from the surface by a
region of capacitance C, (F/mz). The ions in this second
layer bind pairwise with oppositely charged surface groups
by both specific chemical bonding and electrostatic
bonding. The§e ions contribute to the charge og and
experience the potential bge The outer Helmholtz plane
(OHP) or "d" layer is the closest that a non-specifically
sorbed ion can come to the surface. These ions are
separated from the surface by at least one water molecule.
The IHP is separated from the OHP by a region of capacitance
Co. The potential at the OHP is yy with a corresponding
diffuse layer charge, o4.

Equilibrium mass balance reactions which contribute to
surface charge through the uptake of potential determining
ions and their corresponding equilibrium constants for the

formation of surface species are as follows:
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Figure 3: Schematic representation of an idealized planar
oxide-solution interface and the charge distribution and
potential decay away from that surface (after Davis and
others, 1978). The + and - ions represent specifically
adsorbed ijons.
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Ki?t
a +
. [SOHI[H']
SOH; ¥ SOH + H] K;Qt= —S (1)
[SOH}]
Kint
az - +
. [SO J[H"]
SOH I s0” + H: K;2t= S (2)

[SOH]

where SOH represents a hydrated surface site, SO~ and SOH;
are ionized surface sites, H: is a surface proton, and the
Kintrs are intrinsic acidity constants determined at zero
surface charge and zero ionic strength to eliminate
electrostatic field effects.

The concentration of ions at some location, i, in the
EDL is related to the bulk solution concentration by a
Boltzmann distribution function (James and others, 1978).

rcti. (-zewi/kT) (3)

_ +
i = [Cdpy1k exp

where k is the Boltzmann constant, T the temperature (K), e
the electronic charge, z the charge on the ion, and y; the
mean potential. With this in mfnd, the equilibrium

constants in equations 1 and 2 can be written as:

Kigt= [SOH]EH+] exp(~€¥/KT) (4)
a [SOH7]
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cint. [SOTILHT] o p(-e ¥y /KT) (5)
[SOH]

Despite the high surface charge measured on oxides,
studies indicate that the diffuse layer charge, o4s seldom
exceeds 20% of the surface charge, o, (Yates and others,
1974). This difference in charge must be balanced by the
adsorption of counterions in the IHP., To account for
specific adsorption of electrolyte ions, Yates and others
(1974) proposed the formation of "ion pairs" or "surface
complexes"” (neither term is intended to imply any particular
type of bonding). These surface complexation reactions can

be written as follows:

int
Kcation
S0~ + c: 'z so"ct (6)
int
Kanion
+ - > + 5=
SOH2 + AS < SOHZA (7)

where the subscript s denotes an ion very near the surface,
A= is an anion, C*¥ is a cation, and the K!"t's are intrinsic
complexation constants. The concentrations of these surface

complexes are:
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[s07c*] = kI0t, o [s07I0C*Y explTeve/kT) (8)
[SOHZA™] = K1t [SOHJI[AT] exp'*e¥g/KT) (9)

where Yg is the mean potential at the plane of specifically
adsorbed counterions. It is useful to write the reactions

as surface complexation reactions with uncharged surface

sites:
* int
Kcation
SOH + c; z sotct o+ H; (10)
* int
1/ Kanion
+ - > + -
SOH + HS + AS < SOHZA (11)

In this way the constants may be written as:

* int _ ,int _int

Kcation - Ma2 cation (12)
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Kint
* int _ al
Kam‘on - K1nt (13)
anion

The mass law quotients in Eqs. 1, 2, 6, 7, 10, and 11
can only be considered as thermodynamic equilibrium
constants if the equilibria are expressed as surface
activities. Actual surface activities cannot be directly
determined. However, apparent stability quotients (Q) can
be computed using solution concentrations. The quotients
will not be constant (i.e. they will vary with pH and ionic
strength). By use of potentiometric acid/base titration
data, intrinsic acidity constants can be determined from
apparent, stability quotients extrapolated to zero charge and
zero jonic strength. Extrapolation to zero charge and 1.0 M
jonic strength will yield values for intrinsic complexation
constants (James ana others, 1978). This extrapolation
procedure is discussed in detail in later sections of this
thesis.

The equations for surface charge, 0gs and charge in the
mean plane of specifically adsorbed ions, gg, Can be

expressed as:

o = B‘([SOH;] + g [SOH;A?'] - [s07] - g [so'c?+]) (14)
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o, =B (] [so~¢c™7 - ] [SOH
1

+,Nn-
] J ! A7) (15)

2

where % and op are in terms of uC/cmz, bracketed surface

species are in mol/1, m* and n- are the charge of the sorbed
cation and anion, and B is a factor to convert from mol/1 to
uC/cm2 (B = 106 F/Area, where F is the Faraday constant
(96,500 C/mol), and Area is the surface area of the sorbent
material in cm2/1). Electroneutrality within the double

layer requires that:
=0 (16)

The surface species are distributed among the total
number of sites available (expressed as surface site
density, Ng (uC/cmZ)). The surface mass balance requires

that:

No= B ([SOH,] + J [SOH,AT™] + [SOH] + [S071 + § [s07cT%1) (17)
i j !

The determination of surface site density is discussed later
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in this thesis.

The site-binding surface complexation model has been
incorporated into the water equilibrium computer program
MINEQL (Westall and others, 1976). With this modified
computer program, the concentration of surface species can
be calculated from solution concentrations by use of the

fbl]owing equations:

+ (- /kT
[SOH;] _ [SOHI[H ]iﬁ:p € ) (18)
Kal
K;gt [SOH] exp(éwo/kT)
[S07] = (19)

[H']

*Kint [SOH][C+] exp(ewo- ewB/kT)

[SO-C"'] = cation [H+] (20)
[SOH}A™] = [SOHI[HYI[A™] exp(=8V¥o* €V¥g/KT) 1)
*gint
anion

In order to accomplish the calculation of surface species,
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it is necessary to have known values for surface area, Ng,
Cl, C2, and the intrinsic acidity and complexation
constants. The terms exp(-eyy/kT), exp(-ews/kT), and [SOH]
are treated as independent variables. The total number of
surface sites are distributed among all the surface species
such that Eqs. 1, 2, 10, 11, and 17 are satisfied. In
addition, the charge balance (Eq. 16) musfk%e satisfied
where o, and og are defined by Eqs. 14 and 15, Finally, the
charge-potential relationships can be expressed through the
assumption of constant capacitance values (C; and C,) as

shown below:

Vo = Vg T (22)
-C
_ d

The charge at the diffuse layer can be derived from Gouy-

Chapman diffuse layer theory as:

1

- -11.74 2 sinh(d (24)

%
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where C is the bulk concentration of the counterion in the
diffuse layer, and z is the charge of that counterion.

The modified MINEQL program solves for these parameters
simultaneously in a self-consistent manner along with
solution equilibria. This program can also accomodate
surfaces with several types of functional groups. This is
done by the definition of additional surface reactions and
intrinsic constants. These additional reactions have the
same form of intrinsic constant expressions as have been
previously described. Al1l the reactions can be related
through mass and charge balance equations (James and others,

1978).

Summary

Langmuir (1981) points out that each of these empirical
and/or theoretical approaches to adsorption modeling has
some drawbacks. The isotherm and simb1e mass action
approaches are easily manageable but are often poor
predictors of natural behavior owing to their assumption of
a constant surface charge and ignorance of'competitivem
exchange effects and other properties. At the other
extreme, the recently developed composite models adequately

describe laboratory situations but are difficult to apply to
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natural systems due to their complexity and numerous
independent parameters which must be determined
experimentally or estimated.

In summary, the study of sorption behavior of complex
natural systems is still in its infancy. Although a variety
of theoretical and empirical models have been used to
explain adsorption data, their successful application to
natural systems is limited or requires further testing.

More research is needed to try to develop a middle-of-the-
road adsorption model which can adequately describe sorption
behavior in natural systems while remaining simple enough to

be practical.
REVIEW OF RELATED ADSORPTION STUDIES

Several studies have examined the adsorption of aqueous
metals by goethite. However, only a few researchers have
sufficiently characterized the goethite for modeling with
the surface comp]exat{on site-binding model of Yates and
others (1974) and Davis and others (1978). Only those
studies which utilized the surface complexation site-binding
model to evaluate their experimental data will be discussed.

Yates (1975), and Yates and others (1974) conducted a

detailed study of the structure of the oxide/aqueous



T-3057 35

electrolyte interface. Goethite was one of the oxides
studied and KNO3 was the background electrolyte. This work
introduced the surface complexation site-binding model and
outlined experimental techniques to obtain required
parameters for the use of this model.

Davis (1977), and Davis and others (1978) further
developed the surface complexation site-binding model and
incorporated it into a version of the chemical equilibrium
computer program MINEQL (Westall and others, 1976). The
effects of several different organic and inorganic
complexing ligands on metal adsorption onto oxide surfaces
were tested. Their findings show that non-adsorbing ligands
decrease trace metal adsorption due to competition of the
ligand with the oxide surface.

Benjamin (1978), and Benjamin and Leckie (1980, 1981la,
1981b) studied cadmium, copper, lead, and zinc adsorption
onto amorphous hydrous iron oxide, lepidocrocite, a-quartz,
and y-alumina over a wide range of adsorbate concentrations,
and in the presence of competing metals. Their results
indicate that oxide surfaces consist of multiple groups of
distinct surface sites. Furthermo;e, competitive adsorption
experiments suggest that the group of sites which binds a
metal most strongly is often distinct from that which binds

another metal most strongly.
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Balistrieri (1977), and Balistrieri and Murray (1979,
1981, 1982) investigated the surface properties of goethite
and evaluated the effect of the major ions of seawater (H+;
Nat, k*, Ca2+, M92+, Cl1™, and 3042‘) on the titratable
surface charge of goethite. They also examined the capacity
of goethite for these ions and determined intrinsic
equilibrium constants for the interactions of these ions
with goethite. In addition, tﬁe adsorption of cadmium,
copper, lead, and zinc onto goethite from NaNOj3 solutions
and from major ion seawater was studied to determine the
effect of the major ions of seawater on the adsorption
behavior of these trace metals. Magnesium and sulfate were
found to be the principal seawater ions which influence the
adsorption of these trace metals. Carbonate, phosphate, and
silicate were found to have little or no effect on the
adsorption of cadmium and zinc onto goethite in seawater.

Hsi (1981), and Hsi and Langﬁuir (1985) studied urany]l
adsorption onto goethite, amorphous ferric oxyhydroxide, and
hematite. They emphasized the effects of carbonato and
phosphato complexing, and calcium and magnesium competition
on adsorption. Their re§u1ts show that uranyl carbonato
complexing severely inhibits adsorption. Phosphato

2+

complexing slightly enhances uranyl adsorption, and Ca or

M92+ (at'10'3 M) does not affect uranyl adsorption,



T-3057 37

Tripathi (1984) examined uranyl adsorption onto
goethite in the presence of carbonate, fluoride, and
phosphate. As was the case in the previous study, it was
shown that uranyl carbonato complexing results in a
substantial decrease in uranium adsorption. However, the
formation of (U0,),C03(0H)3™ (the predominant inorganic
uranyl complex in natural systems open to atmospheric C02)
in solution did not significantly inhibit uranium
adsorption. The presence of fluoride caused a slight
decrease in adsorption, and phosphate resulted in a very
slight decrease in adsorption.

Sanchez and others (1985) investigated the adsorption
of plutonium IV and V onto goethite at high ionic stréngths,
varying dissolved organic carbon concentrations, and
elevated dissolved carbonate conéentrations. They reported
that increasing concentrations of carbonate 1igands
decreases plutonium adsorption onto goethite. They also
considered the interaction of carbonate ions with the
goethite surface in their modeling calculations.

Most recently, Hayes and Leckie (1986, in press)
extended the surface complexation site-binding model to
include inner sphgre adsorption of metal species. They used
the adsorption of cadmium and lead onto goethite to test

this inner sphere adsorption model for varying ionic
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strengths and concluded that the assumption of inner sphere
adsorption of divalent cations is more appropriate than that
of outer sphere adsorption.» In addition, they established
the reaction stoichiometry that one proton is released per
lead ion adsorbed.

This study compliments the above studies in several
ways. It examines adsorption of copper and lead onto
goethite under a variety of aqueous conditions including
elevated dissolved carbonate. Inhibitory effects of
carbonato complexing on the adsorption process have been
noted by several authors (Hsi, 1981; Tripathi, 1984; Sanchez
and others, 1985), but none have examined copper and lead
systems. Also, attempts were made in this study to correct
model calculations for the interaction of dissolved
carbonate species with the goethite surface. Furthermore,
the inclusion of these carbonate species in model
calculations was evaluated and compared with model
calculations made without these species. Finally, model
calculations were performed for both inner and outer sphere
adsohption of metal ions, and the two approaches compared.
Hayes and Leckie (1986, in press) have also compared these
two approaches, but have not carried the comparisons to
changes in metal and total dissolved carbonate

concentrations.
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THERMODYNAMIC DATA FOR COPPER AND LEAD

Stability data for selected aquo-complexes and solids
of copper and lead are given in Tables 1 and 2. Table 3
lists the free energies of formation used to calculate
stability constants. These values have been incorporated
into the computer program MINEQL (Westall and others, 1976)
for the determination of speciation.

In order to evaluate the relative importances of
precipitation and adsorption, it is necessary to determine
the solid phases which would precipitate under the
conditions used in this study. Figure 4 shows the
predominance areas of copper species and solids as a
function of pH and log PCOZ' This diagram indicates that
tenorite, Cu0, is the thermodynamically stable cupric solid
from pH 5.7 to 10 in equilibrium with atmospheric CO, for a
total copper concentration of 10-4 M.

There is disagreement in the literature as to which
copper phase should precipitate from solution. In order to
assure that tenorite was the solid phase formed in the blank
sorption solutions (no substrate present), the dark
chocolate-brown precipitate was filtered and examined by X-
ray diffraction and infrared spectrophotometry. The

precipitate was X-ray amorphous. No carbonate, hydroxide,
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Table 1: Selected formation constants for some copper aquo-
complexes and compounds. Values of log K are for the
cumulative formation reactions. Reactions which involve
protons or hydroxide ions are written in the proton form.
Complexes or compounds which contain carbonate are written
as cumulative formation reactions using C032'.

Agqueous Species Log K Source and Remarks
cu2* --- A 6%=15.67 kcal/mol
(CODATA, 1977)
CuOH* -7.93 Baes and Mesmer (1981)
(for Cu?® + Hy0 = CuOH* + HY)
Cu(OH),° -15.3 Smith and Martell (1976)

(corrected from I=1 to I=0
(Langmuir, 1984))

Cu(0H) 5~ -27.5 Smith and Martell (1976)
Cu(OH)42' -39.6 Smith and Martell (1976)
Cup(OH),2* -10.3  Smith and Martell (1976)
CuC03° 6.82 Byrne and Miller (1985)
Cu(C03),2%" 10.6 Byrne and Miller (1985)
Cu(OH)gco32' -13.0 Duby (1977)
CuHCO4 1.8 Byrne and Miller (1985)
(for Cu?* + HCO3~ = CuHCO3*)
CuNo3™* 0.50  Smith and Martell (1976)
Cu(N03),° -0.40  Smith and Martell (1976)
Solids
CuCO;4 9.63 Smith and Martell (1976)
Cu(0H), -8.64 Baes and Mesmer (1976)
Cup(0H),CO4 5.46 Symes and Kester (1984)
(malachite)
Cu3z(0H)»(CO3)> 16.61  Naumov and others (1974)
(azurite)
Cu0 (tenorite) -8.3 Barton and Bethke (1960)

(for Cult + HoO = Cu0 + 2Ht)
Cup0 (cuprite) 7.02 Robie and others (1978)
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Table 2: Selected formation constants for some lead aquo-
complexes and compounds. Values of log K are for the
cumulative formation reactions. Reactions which involve
protons or hydroxide ions are written in the proton form.
Complexes or compounds which contain carbonate are written
as cumulative formation reactions using CO32'.

Aqueous Species Log K Source and Remarks

pp2t —-- A G%=-5.83 kcal/mol (Rickard

and Nriagu, 1978)
PbOH* -7.71 Baes and Mesmer (1981)
(for Pb2* + H,0 = PbOH* + H*)

Pb(0H),° -17.12  Baes and Mesmer (1981)
Pb(OH) 3~ -28.06 Baes and Mesmer (1976)
Pb,OH3Y -6.36  Baes and Mesmer (1976)
Pb3(O0H)42* -23.88  Baes and Mesmer (1976)
Pby(OH) 4 -20.88  Baes and Mesmer (1976)

Pbg (OH)g4* -43.61 Baes and Mesmer (1976)
PbC03° 6.4 Bilinski and Stumm (1973)
Pb(C03)22' 9.7 Determined through cerussite

(using PbCO3 g)+C042"
=Pb(C03),2" log K=-3.10

from Bilinski and Schindler
(1982)) Langmuir (1984)

PbHCO,™" 2.90 Estimated by Zirino and
(for Pb2* + HCO5~ = PbHCO3*) Yamamoto (1972)

PbNOS* 1.17 Smith and Martell (1976)

Pb(NO3),° 1.40 Smith and Martell (1976)

Table 2 is continued on the next page.
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Table 2: Continued.

Solids Log K Source and Remarks
PbCO3 (cerussite) 12.80 Robie and others (1978)
Pb3(0H)»(C03) 5 19.14  Bilinski and Schindler (1982)
(hydrocerussite) (corrected from I=0.1 to I=0
(Langmuir, 1984))
a-Pb0 -12.68 Robie and others (1978)
(1itharge, red)
B-Pb02 -49,31 Rickard and Nriagu (1978)

(plattnerite)
Pb30y4 (minium) -73.71 Robie and others (1978)
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Table 3: Free energies of formation used in the calculation

of equilibrium constants.

Species AG%¢ (kcal/mol) Source

HZO(]) -56.687 CODATA (1976)

OH™ -37.604 CODATA (1976)

COz(g) -94.,254 CODATA (1976)

0032° -126.17 Wagman and others (1968)
HCO3~ -140.26 Wagman and others (1968)
HoCO3° -148.94 Wagman and others (1968)
NO4~ -26.64 Wagman and others (1968)
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Figure 4: Predominance diagram for the Cu2+-H20-C02 system
at I=0 and 25°C as a function of pH and log Pco., -
Solid/aqueous boundaries are drawn for total aqaeous metal
activities of 10-% (solid lines) and 10-% (dashed lines).
The arrow denotes atmospheric CO,.
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or nitrate were detected by infrared spectrophotometry.
Evidently, the precipitate is an amorphous form of tenorite.

The solubility of tenorite has been examined by several
researchers and there is quite a bit of variability in their
data. Feitknecht and Schindler (1963) and Schindler (1967)
showed that CuO solubility is dependent upon its crystal
structure and particle size. Schindler and others (1965)
derived expressions for the solubility of Cu0 in 0.2 M
NaC104 at 25°C as a function of surface area. Barton and
Bethke (1960) reported a log K formation constant value of
-8.3, apparently for poorly-crystalline CuO. The log K of
-7.34 reported by Robie and others (1978) is presumably for
well-crystallized CuO. The value of Barton and Bethke
(1960) was used for adsorption calculations with the
computer program MINEQL (Westall and others, 1976) because
it is most applicable to the amorphous Cu0 encountered in
this study.

Figure 5 gives the distribution of copper species under
atmospheric conditions for a total copper concentration of
10"% M, an ionic strength of 0.01 M (as KNO3), and a
temperature of 25°C. Figure 6 shows the distribution for a
total carbonate carbon concentration, Cy, of 102 M with the
ionic strength equal to 0.01 ﬂ_(as.KHC03). As seen in these

figures, the Cu®* ion dominates up to a pH around 7.0. The
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neutral carbonato species dominates above pH 7.0, and
Cu(CO3)22‘ dominates the speciation at higher pH values.

The pH region of the carbonato species depends upon Cy, with
higher C; conditions resulting in a downward pH position
shift.

As seen in Figure 7, the thermodynamically stable lead
mineral from pH 6 to 10 under atmospheric conditions for a
total lead concentration of 10-4 M is hydrocerussite,
Pb3(0H),(C03)p. Figures 8 and 9 show the aqueous lead
species distribution for atmospheric conditions and
CT=10'2 M, respectively. Under atmospheric conditions, Pb2+
predominates up to pH 7.7 above which it is overtaken by the
neutral carbonato species, PbC03°. Above pH 9 the species
Pb(CO3)22' predominates. These relationships are shifted to
lTower pH's at higher Cy concentrations.

A solid lead hydroxide phase was not considered here
due to the questions as to its existence. Rickard and
Nriagu (1978) state that the precipitated gelatinous solid
formed in lead salt solutions to which hydroxide has been
added is probably a hydrated oxide rather than lead

" hydroxide.
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Figure 7: Predominance diagram for the Pb2+~H20-C02 system
at I=0 and 25°C as a function of pH and log P.g -
Solid/aqueous boundaries are drawn for total aqaeous metal

activities of 10"% m (solid lines) and 10-6 m (dashed
lines). The arrow denotes atmospheric C0,.
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LABORATORY PROCEDURES

REAGENTS AND MATERIALS

A1l compounds used in this study were of ACS Reagent
Grade or better. All solutions were prepared using doubly-
demineralized water with conductivity less than 1.0 uS/cm at
25° C. The pH was adjusted with HNO3 (Ultrex brand) or KOH
(DILUT-IT brand). A1l standard acid and base solutions were
analyzed for copper and lead by atomic absorption
spectrophotometry using graphite furnace atomization. The
base solutions contained less than 2 ug/1, and the acid
solutions less than 1 ug/1 of both copper and lead.

Acid-washed polyethylene bottles were used for storage
of solutions. All glassware, glass pipets, and Eppendorf
pipet tips were acid-washed before use. A special washing
procedure was followed for the 40 ml polycarbonate
centrifuge tubes and caps used in the sorption experiments
because a small amount of residual acid can significantly
affect adsorption equilibria. The tubes and caps were first
washed with an Alconox solution and test tuSe brush, They
were then rinsed with deionized water and placed in a 1%
HNO3 bath for 2 days. After the acid soak they were rinsed

with deionized water and placed in a dilute Alconox bath to
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remove any residual protons from the surfaces. Following
another rinse with deionized water the tubes and caps were
soaked in deionized water overnight after which they
underwent a final rinse with doubly-demineralized water,

The analytical balance was calibrated and found to be
accurate to t 0.0001 grams. Eppendorf pipets were accurate
to t 1 %. A1l glassware and pipets were calibrated and
found to be within the guidelines for:Class A volumetric
ware,

Solutions of Fisher Scientific Company certified dry
buffer salts were used to calibrate the pH meter to pH 6.86
t 0.02 and pH 4.01 + 0.02 at 25°C. A pH 8.00 t 0.02
MicroEssential Laboratory pHydrion sodium and potassium
phosphate buffer was used to check the calibration curve at
higher pH's.

Removal of C02 from some reagents and sorption
solutions was accomplished by purging with CO,-free 0,. The
C0,-free 0, was obtained by bubbling 0y through a series of
vessels containing: (1) glass wool; (2) two bottles of
Ca(OH)p-saturated solutions with the gas bqbbled through
glass frits; (3) two bottles of Cbz-free demineralized

water; and (4) glass wool.
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SYNTHETIC GOETHITE PREPARATION

In order to obtain particles of fairly uniform shape
and narrow size distribution for use in sorption experiments
a synthetic goethite was prepared. The synthetic goethite
(a-FeOOH) preparation method is taken from Atkinson and
others (1967). A 194 ml solution of 2.5 N KOH was slowly
édded to a vigorously stirred ferric nitrate solution
prepared by dissolving 48.48 g of Fe(NO3)3°9H,0 in 800 ml of
doubly demineralized water. The final pH of this solution
was approximately 12. Polyethylene bottles (1 liter) were
used in order to prevent silica contamination from glass
possible at such high pH's. The solutions were aged for 26
hrs. in a 60°C preheated oven. After aging, the suspension
was cooled to room temperature and dialyzed against
demineralized water until NO3~ < 10-° M, as measured by a
N03‘ selective ion electrode. The goethite suspension was
then washed with doubly demineralized water and centrifuged
at 6,500 rpm for 30 min. followed by decanting. This
process was repeated tche and the remaining particles were
then freeze-dried and stored in a polyethylene bottle in a
desiccator until dispersion in solution for sorption

experiments,
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SORPTION EXPERIMENTS

Potassium nitrate was chosen as the background
electrolyte for the sorption systems. Ionic strength was
adjusted to either 0.01 M or 0.1 M by the addition of
KNO3. Final pH values ranged between 5.0 and 9.0. The pH
was adjusted using 0.1 N HNO3 or 0.1 N KOH. " Experiments
were conducted at initial total copper concentrations of
10-4 ﬂ; 10-5 M, and 10-6 M, and initial total lead
concentrations of 1073 M, 10-6 M, and 10-7 M under
conditions of both a total carbonate carbon concentration,
Cr, of near zero and in equilibrium with the atmosphere.
For experiments in which Cy was near zero, the reagents were
purged overnight with COp-free 0, and the prepared sorption
solutions were bubbled for 15 min. in the centri%uge tubes
and then tightly capped. Additional experiments were
performed under higher Cy conditions. In these cases, both

Ct and I were adjusted with KHCO5.

Pyocedure for Sorption Experiments
Reagents were added to 40 ml polycarbonate centrifuge
tubes in the sequence; doubly-demineralized water, KNO3, pH
adjustment, trace metal nitrate solution, and finally an

aliquot of the goethite suspension. In the higher Cyg



T-3057 56

experiments, the KHCO3 reagent was added just before the
goethite suspension. The goethite suspension was prepéred
and ultrasonically dispersed 24 hrs. prior to use.

After preparation of the sorption solutions, the
centrifuge tubes were capped and placed in a 25°C water bath
for four hours., Occasional shaking of the tubes kept the
goethite in suspension. The suspensions were centrifuged at
16,000 rpm for 20 min. with an International Model BZ20A
Refrigerated Centrifuge. Fifteen milliliter aliquots of the
supernatant were removed, transferred to acid-washed
polyethylene bottles, and acidified with ULTREX nitric
acid. The pH was measured in the remaining solution with an
Orion glass combination electrode (no. 91-02) and an Orion
Model 901 Research Microprocessor,

Total dissolved copper and lead in the acidified
supernatant solutions were determined by atomic absorption
spectrophotometry (some solutions required graphite
induction furnace atomization). The supernatant solutions
were analyzed in random sequence to eliminate any systematic
analytical errors.

The reproducibility of the experimental adsorption
isotherms is indicated by the relative positions of the data
points. Each data point represents information from a

single centrifuge tube, and a group of eight centrifuge
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tubes were run consecutively. Each experimental adsorption
curve consists of data collected from several different

groups done at different times and on different days.

Analytical Error

The pH measurements were reproducible to + 0.05 pH
units for a given sorption run and + 0.1 pH units between
sorption runs. Thirty-four randomly-chosen supernatant
solutions were analyzed in duplicate to test the precision
of the analyses. The average standard deviation for Cu by
flame atomic absorption is + 0.018 ppm, and by graphite
furnace atomization is + 0.66 ppb. The average standard
deviation for Pb by flame atomic absorption is + 0.010 ppm,
and by graphite furnace atomization is t 2.6 ppb.

An additional estimate of analytical precision and
accuracy was achieved through the analysis of stock
solutions of known concentrations. At least one stock
solution was analyzed with each separate analytical group of
sorption solutions. Table 4 gives the results of these

analyses.
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Table 4: Accuracy and precision (t) of analyses as
determined by analysis of stock solutions.
Stock Solution Concentrations
10 ppb 100 ppb 1000 ppb
Cu Pb Cu Pb Cu Pb

10 10 90 110 900 1000
Measured 12 9 100 100 900 800
Values 10 8 100 110

10 11
Mean 10.50 9.50 96.67 106.67 900 900
Standard
deviation 1.0 1.3 5.8 5.8 -- --
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PARAMETER DETERMINATIONS

SORPTION KINETICS

Kinetic studies were performed to determine the optimum
reaction time for copper and lead sorption. Aliquots were
taken at geometrically increasing times ranging from 15 min.
to one week. The freeze-dried goethite was hydrated at pH
6.0, 24 hours before use. The experiments were conducted in
500 ml wide mouth acid-washed polyethylene bottles. A
mixture of doubly-demineralized water, KNO3, and metal was
prepared in each 500 ml bottle and adjusted to pH §.0 with 1
N KOH. Enough concentrated goethite suspension was added to
each mixture to attain a final sol concentration of 1 g/1.
The bottles were kept in a 25°C water bath with continuous
stirring. Three-milliliter aliquots were removed at the
specified times using B-D 10cc syringes, and filtered
through Millipore filter pods containing acid-washed and
sonicated Nuclepore 0.2 micrometer filters. These aliquots
were acidified with ULTREX nitric acid and saved for metal
analysis by atomic absorption spectrophotometry. Graphite
furnace atomization was used for low-concentration samples.

The properties of the goethite suspension were:

initial pH 6.0, metal concentration 1073 M, and ionic
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strength 0.1 M (controlled with KNO3). The study was
carried out in equilibrium with atmospheric CO,.

The results of the kinetic studies are given in Figure
10, The data indicate that there is a two-step kinetic
reaction. The first step is completed within a few minutes
to one hour. The second step ‘is much slower and takes place
on a time scale of days to weeks. Similar two-step sorption
kinetic reaction rates have been documented by Loganathan
and Burau (1973), Davis (1977), Benjamin (1978), Hsi (1981),
and Hsi and Langmuir (1985). Yates (1975) and Benjamin
(1978) attribute the slower step to diffusion of sorbate
ions into the solid matrix. Another explanation might be
increased disaggregatioq of the sol over time.

A reaction tihe of four hours was chosen for the
sorption studies to insure equilibration of the fast surface
reactions and to minimize the effect of the slower uptake

reactions.
GOETHITE CHARACTERIZATION

Knowledge of sorbent material properties such as
particle size and shape, crystallinity, chemical
composition, surface area, and numbers and types of

functional groups on the particle surfaces is essential to
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the interpretation and modeling of adsorption data. The
various experimental techniques used to determine these
properties are briefly discussed below. The results which
are detailed below were: specific surface area = 30.8
1.85 mz/g, mean cation exchange capacity = 82 t 2 meq/100 g,
and the pH at the point of zero charge = 7.6 ¢+ 0.3

(determined by potentiometric titration).

Composition and Crystallinity

Results of the synthetic goethite chemical analysis are
presented in Table 5. No evidence of Pb or Cu contamination
was detected.

X-ray diffraction showed that the synthetic goethite
was at least 95% pure and moderately well-crystallized.

Particle size and morphology were examined by scanning
electron microscopy. The goethite particles are rod-like in
structure with an average length of about 0.5 micrometers
and a diameter between 0.07 and 0.1 micrometers. The
preparation procedure was as follows. First, the freeze-
dried powder was suspended in ethanol. Next, the suspension
was sonicly dispersed and, using a syringe, deposited on a
millipore filter. Upon drying, the millipore filter and
sample were mounted on a stainless steel sample plate and

coated with a thin film of evaporated gold/palladium alloy.



T-3057

Table 5: Chemical composition of synthetic goethite.

w

.Chemical Analysis by XRF1 (as percent)

Constituent Synthetic Goethite
Si0, 0.27
A1,03 0.10
Fey04 90.022
MgO0 0.22
Ca0 0.02
Na,0 0.25
K0 0.08
Ti0o 0.10
P50g 0.05
MnO 0.02
Lor3 12.34
Total 103.47

Chemical Analysis by 1cpd (as ppm)

Ba <10
Cu <10
Li <20
Pb <40
Sr <20
Zn <20

X-ray fluorescence.

Total iron reported as Fe,03 (value for goethite is
greater than the reliable upper 1imit of detection).
Loss on ignition (925°C for 40 min.).

Induction coupled argon plasma- opt1ca1 emission
spectroscopy (ICAP-0ES).

63
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BET Surface Area

Knowledge of the specific surface area is necessary for
calculation of layer charges and potentials in the surface
complexation site-binding model. The surface area was
determined by Coors Spectro-Chemical Laboratory using the
multipoint volumetric BET nitrogen gas adsorption method
(ASTM D-3663). Gregg and Sing (1967) present a detailed
discussion of this method. The freeze-dried samples were
outgassed at 25°C for 72 hrs, before the measurements were
taken.

The measured surface area of the synthetic goethite was
30.8 + 1.85 mz/g, which compares with areas of 45 and 48
mz/g reported by Hsi (1981) and Yates (1975),. respectively,
32 m2/g reported by Hingston and others (1968), and 51.8
m2/g reported by Balistrieri and Murray (1981).

The BET method is almost exclusively used to measure
surface area. However, there are problems with applications
of this method to aqueous-solid sorption studies. The most
obvious of these is that the BET method involves the
adsorption of vapors onto a dry sample under vacuum.
Difficulties arise when attempts are made to relate trace
element sorption in solution, including possible specific
sorption effects, to BET surface area measurements. The BET

theory (Brunauer, Emmett, and Teller, 1938), is an extension
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of the Langmuir isotherm. It allows for multilayer
adsorption on non-porous solid surfaces. The basic
assumption behind BET theory is that the Langmuir equation
applies to each of the multilayers. Hence, BET theory falls
prey to the assumptions inherent in the Langmuir isotherm.
These assumptions are incompatible with the fact that the
highly active parts of most surfaces are heterogeneous with
widely varying heats of adsorption.

Other issues arise from use of the BET procedure to
determine the specific surface area of goethite. Yates
(1975) observed some surface decomposition of amorphous iron
oxide following outgassing at room temperature. The result
of such decomposition is probably an underestimation of the

true specific surface area.

Cation Exchange Capacity

Cation exchange capacity (CEC) is a measure of the
quantity of readily exchangeable cations necessary to
neutralize the negative charge per unit weight of solid
material (Rhoades, 1982), The CEC quantity can be used as a
measurement of surface site density (Ng) in modeling
calculations. Results of the CEC measurements are: calt =
82, K; = 70, Nat = 86, NH4+ = 90, and the mean cation

exchange capacity = 82 + 2 meq/100 g.
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Na*t, k*, and NH4+ exchange capacities were determined
using acetate salts of these cations, and that for Cal*t
determined using the chloride salt. The method used was
modified from Jackson (1969) and Crock and Severson
(1980). A1l measurements were performed at pH 7.0. Either
acetic acid (HC1 in the case of Ca2+) or a solution of the
hydroxide of the cation was used to adjust the pH of the
acetate salt solutions, The starting material consisted of
1.000 gram of synthetic goethite. A blank was carried
throughout the procedure.

In the first step, the saturation step, the solid
particles were placed in 65 ml Kimax glass culture tubes and
washed with 7 ml of 1 N acetate salt (chloride in the case
of Ca2+). The tubes were then horizontally agitated on a
reciprocating shaker for 20 min. at 240 cycles. Afterward,
the suspended material was centrifuged at approximately
2,000 rpm for 15 min. using an International Model K
Centrifuge. The resulting clear supernatant was carefully
decanted and filtered through a Whatman # 40 ashless filter
into a 25 ml volumetric flask. The solid particles were
then redispersed into another 7 ml of the acetate salt using
a Thermolyne Maxi Mix. The above saturation procedure was
repeated two additional times and the filtered supernatants

were combined into the 25 ml volumetric flasks for each salt



T-3057 67

and taken up to volume with the 1 N background solution.
The goethite was first saturated with NH,*, then with K*,
Na*, and finally with Ca2*,

In the washing step, the goethite was washed with 10 ml
reagent grade 2-propanol, placed on the reciprocating shaker
for 10 min., and centrifuged at -approximately 2,000 rpm for
15 min. The supernatant was carefully decanted and
discarded. The washing procedure was performed three times.

In the replacement step, the goethite was saturated
with NHy® (using 1 N NH40Ac) and washed with 2-propanol
following the above procedures. After completion of the
replacement step, the solid particles were saturated with
another acetate.salt cation.

2+ with a

The extracts were analyzed for k*, Nat, and Ca
Perkin Elmer 603 Atomic Absorption Spectrophotometer. The
NH4+ extract was analyzed using an Orion Model 95-10 Ammonia
Electrode. A1l standards were prepared with the same matrix
as the extract being measured. The blank was below or near

the 1imit of detection in all cases.

.In order to calculate the CEC for each cation (as megq

mn+ mn+

per fDO grams, where is the cation in question), the

following formula was used:

meq MN* _ 100 . Extract volume (ml1) meq M"*
100 ¢ Soil weight (g) 1,000 liter
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Results from an originally Ca-saturated mont-
morillonite, run through the procedure at the same time as
the goethite, were used as a test of precision. The first
NH4+ saturation extract of the montmorillonite was analyzed

2+ analysis for the extract

for Ca?* to compare with the Ca
obtained at the end of the procedure. Because Ca-saturation
was the last saturation in the sequence of cations,
combarison of the original Ca2* yalue and the later Ca2?
value should be a good judge of the precision throughout
this method. The original CEC value for Ca?* was 108
meq/100g and the later CEC value was 110 meq/100g. This
would indicate that there is good precision (&t 2 meq/iOOg)
for a given cation. Hence, the variation in CEC values may

be due either to differences between cations or, in the case

of NH4+, differences between analytical methods.

Potentiometric Titration
Potentiometric titration data are used to determine
both the pH(PZC) and the surface charge density as a
" function of pH. The pH(PZC) is needed to predict intrinsic
equilibrium constants. Titration data show the surface
charge density to be zero at the pH(PZC). The synthetic
goethite used in this study has a pH(PZC) of 7.6 + 0.3.
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Yates and Healy (1975) found pH(PZC) = 7.5 + 0.1 for
goethite in KNO3 solutions, Balistrieri and Murray (1979)
reported pH(PZC) = 7.5 in NaCl and KC1, and Hsi (1981) gave
pH(PZC) = 8.5 ¢+ 0.3 in NaNOj.

The potentiometric titration method of Bolt (1957),
Parks and deBruyn (1962), and Yates and Healy (1975) was
used in this work. Studies have shown that protons and
hydroxide ions are the potential determining ions (PDI) for
the goethite surface (Parks and deBruyn, 1962). Hence,
adsorption densities of these PDI's can be calculated from
the amount of acid or base added to the suspension and the
pH of the suspension., The following genera] equation

illustrates these relationships:

where o, is the surface charge, F is the Faraday constant

0
(96,500 C/mol), and ry+ and rgy- are moles adsorbed per
square centimeter, Titrations are performed at constant
ionic strengths to fix the activity coefficients and to
ensure that the PDI's do not significantly contribute to the
diffuse layer charge (Yates, 1975).

The equation of Silva and others (1979) and Riese

(1982) was used to calculate surface charge for each point
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in the titration.

" where:

Yq»

(H*

(H*

V.
- 1

surface charge density (C/cmz)

Faraday constant (96,500 C/mol)

surface area (cmz)

Cb concentration of acid or base (fU

Vb total volume of acid or base used to a

given point on the titration curve (1)

initial volume (1)

total volume at a given point on the

titration curve, Vi + Vg + Vi, (1)

Y; = activity coefficients of H' and OHT,
respectively, used to convert

activities to concentrations

);» (OH7); = measured H™ and OH™ ion
activities in solution at the
start of the titration (m)
)j’ (OH')j = measured HY and QH' ion

activities in solution at a
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given point on the titration

curve (m)

The pH(PZC) is the point of intersection of all the
titration curves obtained at different ionic strengths.
Potentiometric titrations were performed with a
Metrohm-Herisau Dosimat E535 Automatic Titrator, a Beckman
gel-filled combination pH electrode, and an Orion Model 901
Research Microprocessor. The titrants were approximately
0.1 M HNO3 and 0.1 M CO,-free KOH, standardized to t 0.001
by the potassium hydrogen phthalate method outlined in Skoog
and West (1976). Titrations were carried out under an 02
atmosphere in a water-jackete& 50 m1 titration vessel at 25°
C. Approximately 24 hrs. prior to titration, a goethite
suspension was placed in the glass titration vessel, with
enough KNO; added to bring the total ionic strength to 10-3
M, and continuously stirred under an oxygen atmosphere. The
0, was purified and water-saturated as described earlier.
The titrations were accomplished by adding small
volumes of the standardized acid or base to the
suspension. An average equilibration time of 3 minutes was
allowed between each addition of acid or base. An exception
to this was in the neutral pH region where additional time

was necessary for the readings to stabilize. The pH was
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measured with the magnetic stirrer turned off. The goethite
suspension was first titrated with acid to about pH 4, then
with base to about pH 10, and finally again with acid to
bring it back to about the starting pH. The ionic strength
was then increased and the sequence repeated. This process
was sequentially performed for each ionic strength of 10‘3,
1072, 1071 and 0.7 M. Blank titrations (without goethite)
were done at the same ionic strengths under identical
conditions. To test for goethite dissolution during the
titration procedure, a separate vessel was prepared under
titration conditions. No goethite dissolution was detected
by analysis oflsuspgnsion supernatant after centrifugétion
(for a detection limit of 20 ppb by atomic absorption
spectrophotometry using graphite furnace atomization).

Titration data volumes were normalized to 0.1000 M acid
and base concentrations by means of the computer program
NORMV.FOR (see Appendix 1). The titration data were then
plotted (Fig. 11). Blank titrations were subtracted from
the goethite titration curves to correct for the amount of
titrant necessary to titrate the doubly deionized water,
Surface charge density was calculated with the computer
program SIGMA.FOR (see Appendix 1). Figure 12 is a plot of
the surface charge density (microcoulombs per square

centimeter) versus pH for titration at the four different
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Figure 11: Potentiometric acid-base titration curves for
goethite in various ionic strength KNO3 solutions.
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Figure 12: Variation of the surface charge density of
goethite in aqueous solutions of KNO3 as a function of pH.
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ionic strengths. The curves in Figure 12 have been
normalized to the pH(PZC) of 7.6. The decrease in the rate
of charge development at higher pH values (>7.6) may be
partially due to coagulation of the goethite suspension

which was noted during the titration procedure.
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RESULTS OF SORPTION EXPERIMENTS

Adsorption experiments were performed at various
concentrations of copper or lead, and supporting
electrolytes. In all cases the goethite surface area was
31 m2/1.

In Figures 13 through 20, data are plotted as
fractional metal adsorption versus pH. The metal scales are
logarithmic and are expresséd as amount of metal remaining
in solution after centrifugation. This mode of presentation
emphasizes the lower metal concentrations where many
interactions of interest take place. The reader is referred
to the Analytical Error section of this thesis for é
discussion of data precision. Solid curves are free-drawn
best fits of experimentally-derived data points. The best
fit lines are drawn through the Cy = atmospheric conditions,
I = 0.01 M (as KNO3) data points. Data points < 1 ppb are
plotted on the 1 ppb Tine such that there is no graphical
distinction between samples at 1 ppb and samples < 1 ppb.
Under atmospheric conditions (a CO, pressure of 10-3.5 atm.)
solutions at pH 7 and 9 correspond to CT=10'4'2 and 10-2.3
M, respectively,

Random samples were analyzed for iron to ensure that

none of the sol remained in suspension. In all cases tested
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Figure 13: Effect of copper concentration on the pH
adsorption edge for copper adsorption onto goethite under
atmospheric conditions for I=0.01 M (KNO3) at 25° C.
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Figure 14: Adsorption of copper onto goethite for

zCu=10"4 M under a variety of aqueous conditions. Vertical
lines connect some of the analytical duplicates, with a
slash at the average value. In several cases duplicate
values were the same or very close and are not shown in the
graphs. The following key applies to the various data point
symbols:

= Cr=0; I=0.01 M (as KNOj3)

= Cy=0; I=0.1'M (as KNOj3)

= Cy=atmospheric CO0p; I=0.01 M (as KNOj3)

= Cy=atmospheric CO0,; I=0.1 M (as KNOj3)

C1=10"2 M; 1=0.01 M (as KHCOj)

= Cr=10"1 M; 1=0.1 M (as KHCO4)

= Cc7=10"1+3 M; 1=0.1 M (as 50% KNO3, 50% KHCOj3)

q4Pb P o e ® x

Blank data are indicated both by dashed lines and separate
points.
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Figure 15: Adsorption of copper onto goethite for
zCu=10"5 M under a variety of aqueous conditions (see Fig.
14 for key to data symbols).
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Figure 16: Adsorption of copper onto goethite for
£Cu=10-6 M under a variety of aqueous conditions (see Fig.
14 for key to data symbols).
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Figure 17: Effect of lead concentration on the pH

adsorption edge for lead adsorption onto goethite under

atmospheric conditions for I=0.01 M (KNO3) at 25° C.
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Figure 18: Adsorption of lead onto goethite for £Pb=10"° M
under a variety of aqueous conditions (see Fig. 14 for key
to data symbols).
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Figure 19: Adsorption of lead onto goethite for zPb=10-6 M

under a variety of aqueous conditions (see Fig. 14 for kef_'
to data symbols).
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Figqure 20: Adsorption of lead onto goethite for 5Pb=10""7 M
under a variety of aqueous conditions (see Fig. 14 for key
to data symbols).
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iron was below the limit of detection (20 ppb). Adsorption
density was varied by changing the metal concentration as
total surface area remained constant.

Blank experiments (without goethite) were run under the
same conditions as the adsorption experiments. Results
indicate that there is no significant adsorption of metal to
the centrifuge tubes at higher metal concentrations, but
there may be some interactions at lower concentrations. In
cases where a precipitate appeared in blank solutions, the
adsorption edge of the adsorption run occurred prior to the
pH of precipitation. This illustrates that dissolved metals
in these adsorption experiments are controlled by adsorption

reactions rather than solid precipitation reactions.
COPPER

Figure 13 illustrates the pH dependence of adsorption
edges at different copper concentrations for a constant
goethite surface area of 31 mZ/1 in 0.01 M KNO3. As seen in
this figure, there is a shift of the adsorption edges to
lower pH regions as the metal concentration is decreased.

In all cases, in excess of 99% of the metal is adsorbed at
the pH(PZC) of 7.6. This indicates that copper is

specifically adsorbed by goethite (assuming that copper is



T-3057 87

adsorbed as a positively-charged species). Specific
adsorption can be defined as adsorption when both adsorbate
and the net surface charge of the adsorbent are similarly
charged (Catts, 1982).

Figures 14, 15, and 16 show more detailed adsorption
isotherms for copper concentrations of 10‘4, 10'5, and 10-6
M, respectively. These figures indicate that there is
essentially no difference in the results of experiments
performed at Cy = 0 or atmospheric CO, conditions. Also,
there is no effect of either KNO3 ionic strength (0.01
versus 0.1 M). Figures 14 and 15 imply that there is an
inhibitory effect on copper adsorption in the higher Cy
experiments. In the zCu = 10"4 M, CT = 10"2 M experiment,
about 80 ppb copper remains in solution at the pH(PZC).
This value represents only about 1.3% of the total copper
present but could result in environmentally significant
amounts of copper mobilized in a natural setting.
Futhermore, the degree of adsorption inhibition by carbonate

is proportional to Cy (see Fig. 14).
LEAD

Figure 17 illustrates the pH dependence of adsorption

edges at different lead concentrations for a constant
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goethite surface area of 31 m2/1 in 0.01 M KNO3. As was the
case with copper, there is a shift of the adsorption edges
to lower pH regions as the lead concentration is

decreased., In all cases, in excess of 99.9% of the lead is
adsorbed at the pH(PZC) indicating that lead is specifically
adsorbed by goethite.

Figures 18, 19, and 20 show more detailed adsorption
isotherms for lead concentrations of 10'5, 10'5, and 10-7 M,
respectively. As was the case for copper, there is
essentially no difference in experimental results for I =
0.01 and I = 0.1 M (as KNO3), nor for C; = 0 versus
atmospheric conditions. Figure 18 implies a similar
inhibitory effect of carbonate on lead adsorption as was
true of copper adsorption in higher Cy experiments. In the
Cr = 10'2_ﬂ_experiment, about 8 ppb lead remains in
solution. This value represents less than 1% of the total
lead present. The degree of adsorption inhibition is
proportional to Cy.

There was no solid precipitation in the blank
experiments at total lead concentrations of 106 and 10-7
M. The variable yet steadily-decreasing blank data points
for the 10~/ M .experiments may be due to lead interaction
with container walls.

Copper is specifically adsorbed more strongly than
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lead. This is illustrated by the relative positions of
their adsorption edges at equal molar concentrations

(compare Figs. 17 and 13).
DISCUSSION

Results indicate that there is an inhibitory effect on
copper and lead adsorption in the higher Cy experiments,
The degree of adsorption inhibition is proportional to Cp
and total metal concentration. Adsorption inhibition onto
goethite by dissolved carbonate species has previously been
reported for the uranium system (Hsi, 1981; Tripathi; 1984;
Hsi and Langmuir, 1985) and the plutonium system (Sanchez
and others, 1985). This adsorption inhibition is probably
due to increased carbonato complexing of the metals. Figure
21 illustrates aqueous speciation for 10-4 M total copper
under atmospheric conditions (solid lines) and Cy = 10'2_ﬁ
conditions (dashed lines). A comparison of the species
distribution for these different C; conditions shows that
there is both an increase in carbonato complexing, at the
expense of hydroxo complexing, and a downward pH sﬁift of
the carbonato complexes with increasing Cy. These combined
effects place the dominant neutral carbonato complex in the

pH range of greatest adsorption inhibition, and at a pH
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Figure 21: Distribution diagram for copper species as a
function of pH for the Cu2+-H20-C02 system under atmospheric
conditions (solid lines) and CT=10"2_N_I_ (dashed lines) for
tCu=10"% M and 25°C.
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below completion of the adsorption edge seen in Figure 14,
This neutral carbonato complex would be expected to be
weakly adsorbed, if at all, compared to free metals and/or
hydroxo complexes. The arguments are similar for the lead
system (Fig. 22).

As was shown in Figures 13 and 17, there is a shift of
the adsorption edges to lower pH regions as the total metal
concentration is decreased. Therefore, the lower metal
concentration adsorption edges are completed at a pH prior
to the neutral carbonato complex region of dominance and no
adsorption inhibition by carbonate species would be
expected. This corre]aies with the fact that 1ittle or no
adsorption inhibition by carbonate was noted at lower metal
concentrations in the experimental systems. Hence,
adsorption inhibition by carbonate is a function of Cy, pH,
and total metal concentration,

Although these experiments were performed in the
laboratory, the findings have implications to metal mobility
in natural soil systems and aquifers. In neutral to
alkaline (especially arid-climate) soils and in groundwater
systems that contain calcite and dolomite, carbonato
complexing of copper and lead can be expected to increase

the mobilities of those metals.
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Figure 22: Distribution diagram for lead species as a
function of pH for the Pb2+-H20-C02 system under atmospheric
conditions (solid lines) and CT=10"2 M (dashed lines) for
zPb=10"% M and 25°cC.
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RESULTS OF SORPTION MODELING

SURFACE COMPLEXATION SITE-BINDING MODEL

The framework of the surface complexation site-binding
model is discussed in the Electrostatic Models section of
this thesis. Davis and others (1978) have integrated the
surface complexation site-binding model into a versibn of
the chemical equilibrium computer program MINEQL (Westall
and others, 1976). This program can simultaneously consider
solution equilibria and multiple adsorption reactions based
on the development of surface charge and potential at the
solid/so]utibn‘interface. Necessary input for the model
includes values for intrinsic acidity aﬁd complexation
constants, inner and outer layer capacitances (Cl and CZ)’
specific surface area (A), and surface site density (Ng).
The terms [SOH], exp(-ewo/kT), and exp(-ews/kT) are treated

as independent variables.

Determination of Parameters
Modeling parameters play a significant role in the
modeling process. O0f the necessary input values, only two
are model independent; the surface site density (Ng) and the

specific surface area (A). Determination of specific
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surface area was discussed in the BET Surface Area section
of this thesis. For surface site density the value of 18
sites/nm2 from Hsi (1981) will be used. Hsi (1981) measured
this value using the tritium exchange method of Berube and
others (1967) and Yates (1975).

As was discussed in the Electrostatic Models section,
neither the intrinsic acidity constants nor the intrinsic
complexation constants are directly measureable. However,
they can be estimated using apparent stabiiity quotients,

Q. James and others (1978) and Davis and others (1978)
designed a graphical double extrapolation technique by which
intrinsic acidity constants and intrinsic complexation
constants for background electrolytes can be evaluated.
Their procedure is based on tﬁe supposition that apparent
stability quotients are related to intrinsic constants
'through electrostatic field correction terms (Davis and
others, 1978). Therefore, intrinsic equilibrium constants
can be estimated by extrapolation of the apparent stability
quotients to zero charge and zero ionic strength conditions
fqr intrinsic acidity constants, and zero charge and I = 1 M
for intrinsic complexation constants. Potentiometric
titration data, as discussed previously, are used to
construct these plots.

For pH values less than the pH(PZC), it can be
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approximated that:

o N - ¢

+q9 0 _ S 0
[SOH,] = — and  [SOH] = ——5—

where B = 106 F / A (A = specific surface area), Ng is the
surface site density (charge./ cmz), and o, is the surface
charge. The relationship between the intrinsic acidity

constant and the apparent stability quotient is:

int _ [SOH] [H']

K
al [SOH}]

exp (~€¥/ kT) _ 0, exp (-ep / kT)

where:

+
_ [SOH] {H'}(,1q)
[songj

Qal

Upon defining the fractional surface charge as:

the logarithmic form of the apparent stability quotient is:

PQyy = PH + log T——

An analogous set of computations for pH values greater than
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the pH(PZC) leads to a similar equation:

PQ,, = PH - log 3——

When values for pQ are plotted versus ay + (I¥@ (where C is
the electrolyte-concentration (M)), potentiometric titration
data measured at different jonic strengths can be
graphically extrapolated to zero charge and zero ionic
strength., Plots for the acidity constants are given in
Figures 23 and 24.

When values of pQ versus ay = log C (where C is equal
to the concentration of the background electrolyte cation or
. anion) are graphed, estimates for background eiectroiyte
-complexation constants can be obtained (see Figs. 25 and
26).

The inner and outer layer capacitances are adjustable
parameters. However, 20 uF / cm? has become the accepted
value for the outer layer capacitance (C2) (Stumm and
others, 1970; Lyklema and Overbeek, 1961; Davis and others,
1978). The inner layer capacitance (C;) is estimated by
trial and error model fitting of potentiometric titration
surface charge data. A value of 280 uF / cm? was necessary
to fit the data in this study. Balistrieri and Murray

(1981) found that a similar inner layer capacitance value of
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Double extrapolation plot for estimation of the

first intrinsic acidity constant in KNO3 solutions at
25°C. Circles represent potentiometric titration data at

1=10-3 M,
at I=10"1

crosses are data at I=10-2 M, triangles are data

M, and squares are data at [=0.7 M (as KNO3).
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Figure 24: Double extrapolation plot for estimation of the
second intrinsic acidity constant in KNO3 solutions at
25°C. See Fig. 23 for explanation of symbols.
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Figure 25: Double extrapolation plot for the estimation of
the cationic intrinsic complexation constant in KNO 5
solutions at 25°C. See Fig. 23 for explanation of symbols.
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Figure 26: Double extrapolation plot for the estimation of
the anionic intrinsic complexation constant in KNOj
solutions at 25°C. See Fig. 23 for explanation of symbols.



T-3057 101

260 uF / cm? was needed to fit goethite behavior. However,
Davis and others (1978) concluded that C; values should
range from 100 to 140 uF / cm? for oxide surfaces. As a
result, Balistrieri and Murray (1981) chose to alter other
parameters such that a lower capacitance value could be used
in their modeling. Ac;epting that precedent, the inner
layer capacitance was set at 140 uF / cm2 for this study.
As long as a fit of the potentiometric titration surface
charge data is obtained, this adjustment will not affect the
overall interpretation of the data. The background
electrolyte complexation constants were adjusted to obtain a
best fit of the experimental surface charge data (Fig.-
27); The resulting complexation constants were:

p kI = g 75 and p k" = 6.90

k* NO

Care was taken to adjust the3mode1 to best fit the 10-2
and~10'1'11 data as these are the ionic strengths used in the
adsorption experiments. Also, it was more important to fit
the surface charge below the pH(PZC) of 7.6 because this is
the area where the adsorption edges occur. Deviation of the
model fits from the experimental values at higher pH's may
be due to coagulation of the goethite during the titration
experiments. Table 6 summarizes goethite surface parameters
used for surface complexation site-binding model

calculations in this and other studies.
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Figure 27: Experimental and computed surface charge density
in KNO3 solutions at 25°C as a function of ionic strength
and pH. The solid lines represent model calculations and
the symbols are derived from potentiometric titration

data. See Fig. 23 for explanation of symbols.
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Table 6: Surface parameters of goethite used in model
calculations from this and other studies. -- indicates the
parameter was not determined in that particular study. All
studies assumed Cr = 20 uF/cmZ.

Source a b c d e f g h

Background NaCl NacCl
Electrolyte KNO3 NaNO3 KCI KC1 KC1 NaCl KNO3 NaNOg3

Surface Area

(m2/g) 30.8 45 48.5 51.8 70.9 32 48 52
Surface Site

Density

(sites/nm?) -- 18 -- -- -- --  16.8 7.0

Inner Layer
Capacitance

(Cy; (wF/cm?) 140 140  -- 140  --  -- 100 110
pH (PZC) 7.6 8.5 7.5 7.5 7.5 7.7 7.5
pk1nt 4.4 4.5 4.9 5.6 7.0 4.9 4.2 5.8
T 10.8 12.0 10.4 9.5 8.4  -- 10.8 11.1
*gint 8.8 10.1 9.6 8.4 -- 6.6 8.9 8.8
p Cat.ion L] [ ] L] L] L ] L] [ ]
* int
p anion 6.9 7.0 5.5 700 - - - 6.1 706

This study.

Hsi (1981).

Balistrieri and Murray (1979).

Balistrieri and Murray (1981).

Atkinson and others (1967) as quoted in Huang (1981).
Hingston and others (1968) as quoted in James (1981).
Yates (1975).

Hayes and Leckie (1986).

SKa -h® QA0 U o
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Copper and Lead Modeling

Introduction:

As discussed in the Electrostatic Models section of"-
this thesis, the surface complexation site-binding model
assumes three layers to be present at the EDL; the surface
layer, the B-layer, and the diffuse layer. In the original
formulation of this model, the closest that a metal species
could come to the surface was the g-layer. In this way,
only ion pair complexes between surface sites and metal
species in the B-layer were considered (Hayes and Leckie, in
press). Recently, the surface complexation site-binding
model has been expanded such that metal species are allowed
to form surface complexes at either the surface layer or the
B-layer (Hachiya and others,1984; Leckie and others, 1986;
Hayes and Leckie, in press). Hence, an adsorbed metal
species may either form an outer sphere or an inner sphere
surface complex. In outer sphere surface complexes, metal
species retain their primary hydration sheaths upon
adsorption, whereas in inner sphere surface complexes they
lose portions of their primary hydration sheaths. This
difference can affect both the model stoichiometry of the
reaction and the closeness of approach of the adsorbed

species to the surface (Hayes and Leckie, in press).
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Assuming outer sphere surface adsorption reactions for

Cu2+ and Pb2+:

*Kint
2+ cult - 24 +
SOH + Cu > SO0 Cu + H
s b4 s
and
*Kint
2+ pbZt 2+ 4
SOH + Pb > SO0 Pb + H
s ‘ s

where the subscript s denotes an iqn at or very near the
surface, SOH represents a hydrated surface site, SO0~ is an
ionized surface site, - and the *Ki"t‘s are intrinsic
complexation constants. Concentrations of the adsorbed

species may be expressed as:

. 2+ [(ey, - 2ey,) / kT]
[SO'Cu2+] - *K1n§+ [SOH] ECu ] exp 0 B

Cu [H"]

and

. 2+ [(ey, - 2ey,) / kT]
[SO'Pb2+] - *K1n§+ [SOH] EPb ] exp 0 B

Pb [H]

Similarly, outer sphere adsorption of the first hydrolysis
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species of copper and lead may be described by:

*Kint

+

SOH + Cut + n,0 CyOH
S 2 «

SOTCuOHt + ZH;

and

*Kint

+

SOH + Pb2Y + H PHOH
S 2 <

+

0 SO"PbOHY + 2H

Concentrations of these adsorbed species are:

. 2+ [(ey, - ey,) / kT]
[so-cuont] = *kint . [SOH] EC; ] exp 0 B
CuOH [H']
and
. 2+ [(ey. - ey, ) / kT]
[SO-PbOH+] = *KInt [SOH] [Pb ] exp ° 8

PhoH* [n*?

Inner sphere surface adsorption reactions may also be
tested. The reactions for Cu?* and Pb2* inner sphere

surface adsorption may be written as:
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*Kint
2+ cu?* + +
SOH + Cu 3 SOCu + H
s < s
and
* int
2+ b2 -
SOH + Pb > SOPb  + H
s be s

Concentrations of these adsorbed species are then:

Csocut] = *xint [sou] feu®ty =8k /KT)
2+ +
Cu [H7]
'and
i 2+ (-ep, / kT)
[sopbt] = *kint [SOHI [Pb™ T .., o

pplt [ty

The difference between inner and outer sphere surface
adsorption expressions lies in the treatment of
electrostatic potential terms.

The objective of modeling experimental adsorption data
with the surface complexation site-binding model is to
obtain intrinsic complexation constants for adsorption
reactions which fit the data. The predictive ability of the
model can then be evaluated via fits of experimental data

not used to calibrate intrinsic complexation constants. The
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simplest adsorption reactions which best fit the
experimental data indicate which metal species are likely to
be involved in the adsorption process. OQOuter and inner
sphere metal adsorption analogues are tested and compared.
The strategy used to model experimental data was first
to determine intrinsic complexation constants by trial and
error for carbonate-free systems. Predominant aqueous
species were tested first for adsorption reaction fits and
as few reactions as possible were used. The intrinsic
complexation constants from these adsorption reaction model

fits were then used to model other experimental conditions.

Results:

There was essentially no difference in experimental
results obtained under the differgnt conditions of ionic
strength (0.01 M and 0.1 M as KNO3), and carbonate-free
versus atmospheric (PCO2 = 10-3-5 atm) conditions. Hence,
the set of experimental points corresponding to I=0.01 M (as
KNO3) and atmospheric conditions was used to evaluate model
fits. The highest total metal concentrations (total copper
of 10”4 M and total lead of 103 M) were used to calibrate
intrinsic complexation constants.

The following conditions were first assumed to

calibrate intrinsic complexation constants for the
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adsorption of copper and lead onto goethite: P002 = 0,
I = 0.01 M (as KN03), and either zCu = 10-% M or
zPb = 1079 M. Single outer sphere adsorption reactions for
cu?* and Pb2* ions were tested first. As shown in Figs. 28
and 29, model fits using just the divalent ions are in poor
agreement with the experimental data. Adjustment of the
intrinsic complexation constants moves the curves up and
down but does not change their shapes.

Next, outer sphere adsorption of CuOH™ and PbOHY ions
alone was tested. Figure 29 shows that this model reaction
provides a good fit of the experimental data for lead with

the following intrinsic complexation constant:

It is necessary to include an additional adsorption reaction
to model the copper data. Adsorption of Cu(OH)2° onto a
negative surface site was added to the CuOH* adsorption
model. A good fit of the data resulted with the following-
intrinsic complexation constants (see Fig. 28):

*«int . g.80 prgint = 13.60

Cu(OH)g

These 'are the simplest outer sphere adsorption model
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Figure 28: Model-calculated outer sphere surface adsorption
of copper by goethite at C;y = 0, I = 0.01 M (as KNO3), and
25°C for zCu = 10‘4'31. Symbols represent experimental data
points and solid lines are calculated model fits of the
data. Dashed lines are the points at which solid
piegigitation took place in the model calculations. The

p K'Mt's are model-calculated intrinsic complexation

constants.
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Figure 29: Model-calculated outer sphere surface adsorption
of lead by goethite at Cr =0, I =0.01 M (as KNO5), and
25°C for IPb = 107 M. See Fig. 28 for further explanation.



T-3057 112

scenarios for copper and lead experimental data under the
given conditions. Good model fits of data were also
obtained assuming the simultaneous adsorption of a variety
of other aqueous species (two or more at a time). However,
these other scenarios did no better job of fitting
experimental data obtained under different conditions.
Intrinsic complexation constants used for model fits appear
to be precise to within 0.5 log units for a given adsorption
reaction or set of reactions.

Inner sphere adsorption of Cu2+ and Pb2+ onto goethite
was also modeled for PCO2 =0, I = 0.01 ﬁ_(as KNO3), and
either zCu = 10~% or zPb = 1077 M. The scenario of inner
sphere adsorption of free metal ions yielded good fits for
both copper and lead. Adsorption predicted by these
reactions is illustrated in Figs. 30 and 31 for the

following intrinsic complexation constants:

* int

p K = -1,85
Cu2+

* int

p K = «=0.38
pp2*

Thus far, it is not clear which kind of metal
adsorption analogue is better, the outer or the inner

sphere. Both do a good job of modeling the experimental
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Figure 30: Model-calculated inner sphere surface adsorption
of copper by goethite at Cr =0, I =0.01M (as KNO3), and
25°C for zCu = 1074 M. See Fig. 28 for further explanation.
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Figure 31: Model-calculated inner sphere surface adsorption
of lead by goethite at Cr =0, I =0.01M (as KNO3), and
25°C for IPb = 10~° M. See Fig. 28 for further explanation.



T-3057 115

data. These different model analogues suggest contrasting
interpretations of the adsorbing metal species; hydroxo
species for outer sphere and free ions for inner sphere.

The next step in modeling is to see if the previously
determined intrinsic complexation constants for each
analogue can be used to model experimental data obtained
under a different set of conditions. Experimental data
exhibit no significant differences for copper and lead
adsorption in solutions with an ionic strength of 0.1 M (as
KN03). Hence, calculated model fits should show little
difference between I = 0.01 and I = 0.1 M (as KNOj3)
conditions (with all other experimental conditions being the
same as before). Both outer sphere and inner sphere
analogues were tested and the results are illustrated in
Figures 32 through 35. Inner sphere predictions give good
fits for both copper and lead adsorption (Figs. 34 and
35). Both outer sphere fits provide a slight overestimation
of adsorption at lower pH values and a very slight
underestimation at higher pH values (Figs. 32 and 33).
Hence, the inner sbhere metal adsorption analogue appears to
be slightly better for the prediction of chénges in ionic
strength.

Next, the ability of the model analogques to predict

adsorption under different total dissolved carbonate, Cy,



T-3057 116

10,0004
. Outer Sphere
[ P*Kan opy+ = 8.80
1000f xo INT
: K 0=13.60
: P Rculon),
Cu [
(ppb){ I=0.1M
100?
10F
l_l A ' . .
1 SL é 7 8 9

Figure 32: Model-calculated outer sphere surface adsorption
of copper by goethite at I = 0.1 M (as KN03) and 25°C. See
Fig. 28 for further explanation.
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Figure 33: Model-calculated outer sphere surface adsorption
of lead by goethite at I = 0.1 M (as KNO3) and 25°C. See
Fig. 28 for further explanation.
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Figure 34: Model-calculated inner sphere surface adsorption
of copper by goethite at I = 0.1 M (as KNO3) and 25°C. See
Fig. 28 for further explanation.
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Figure 35: Model-calculated inner sphere surface adsorption
of lead by goethite at I = 0.1 M (as KNO3) and 25°C. See
Fig. 28 for further explanation.



T-30567 120

conditions will be tested. As was demonstrated in Figs. 14
and 18 ;f the Results of Sorption Experiments section of
this thesis, at C; = 10-2 M there is partial inhibition of
aqueous copper and lead adsorption from pH 7 to 9.

Two approaches have been taken with the surface
complexation site-binding model in the treangnt of varying
Ct conditions. The first approach (Hsi, 1981; Hsi and
Langmuir, 1985; and Tripathi, 1984) is to neglect the
sorption of dissolved carbonate species onto the surface of
goethite. This approach was taken due to the lack of
information about surface carbonate species, SCS. The
second approach (Sanchez and others, 1985) is to estimate
binding constants for the dissolved éarbonate species onto
goethite. Sanchez and others (1985) reported the following
estimated intrinsic complexation constants for goethite,

calculated from results of Balistrieri and Murray (1982) and

Stumm and others (1980):

- - *
SOH + €02~ + H* > soH}co? p kK1"t = _15.90
3 2 SO0H,C0;5 2-
co
3
- - * g
SOH + €02~ + 20% » soHtHCO p kIt o 22 .30
3 € 2 3 -
HCOG

Zachara and others (in press) measured inorganic carbon

adsorption onto amorphous iron oxide (Fe203 * HyO (am)) and
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described the data using the surface complexation site-
binding model. Their modeled reaction for HCO3™ sorption

is:

int

HCO3

+

SOH2

+ HCOj 2 soHTHCo: pK -5.0

3 2 3
When the intrinsic acidity constant for formation of the
ionized surface site and the second acidity constant for
carbonate are added, this intrinsic complexation constant is
similar to that reported by Sanchez and others (1985).
Carbonate ion data could not be determined by Zachara and
others (in press) because their data were collected below

pH 8.

Russell and others (1975) studied the sorption of
CO,(g) onto a moist goethite surface using infrared
spectroscopy. Their data indicate the formation of C032‘
surface complexes. There is also some evidence of an HCO3~
surface complex. Harrison and Berkheiser (1982) used
infrared spectroscopy to examine anion interactions with
hydrous iron oxide. They found -that carbonate ions
coordinate with unidentate surface sites. The preceeding
information indicates that sorption of inorganic carbon

species directly onto goethite does take place and should

probably be considered in modeling calculations. This
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carbonate species sorption would presumably make the surface
more negative.

For modeling in this study, the HCO3~ complexation
constant determined by Zachara and others (in press) for
amorphous iron oxide was used. Anderson and Benjamin (1985)
argue that the constants‘obtained for amorphous iron oxide
and goethite should be comparable. The estimated C032'
intrinsic complexation constant of Sanchez and others (1985)
for goethite was recalculated to be internally consistent
with the data of this study and used in goethite modeling

calculations. The intrinsic complexation constants for

dissolved carbonate species used in this study are:

24 + 2- * int

+
soH + €027 + W' 5 sou}co? p kIt 14.73
co
\ 3
- - * 5
SOH + C02™ + 20% » soHTHCO p KINt - 19,73
3 < 2 3 -
HCOG

As demonstrated in the Results of Sorption Experiments
section of this thesis, the experimental data were identical
for copper and lead adsorption given PC02 = 0 and

atmospheric Pprn. conditions. Likewise, model calculations
for copper and lead adsorption given pC02 = 0 and

atmospheric Pcg,_ conditions. Likewise, model calculations
CUMpieXxaltivii LundLantd previvudily usiLermigeyu 1vl supper and

lead adsorption at P002 = 0 were used to model adsorption
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under atmospheric conditions. First, the sorption of C032'
and HCO3™ onto goethite was ignored. In both the outer
sphere and inner sphere adsorption analogues for copper and
lead, the same results were obtained for atmospheric PCOZ
conditions as were obtained for PCOZ = 0. |

Next, the‘reactions for sorption of C032' and HCO3'
onto goethite were included, and model calculations redone
for atmospheric conditions. The results are given in
Figures 36 through 39, As shown in Figures 36 and 38,
addition of the surface carbonate species (SCS) to copper
systems results in a good fit for the outer sphere model
solution and slightly overestimates adsorption at lower pH
values for the inner sphere model solution. Figures 37 and
39 illustrate that addition of SCS to lead systems produces
model predictions that overestimate lead adsorption for both
outer and inner sphere model solutions. To refit the
experimental data for the outer sphere system with SCS, a

new set of intrinsic complexation constants are necessary:

* int * int
p K '= 4.0 p K = 11.4
pp2t PboH*
These constants are very different from the original
constant for PbOH' alone. This would indicate that

intrinsic complexation constants calibrated to a model with
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Figure 36: Model-calculated outer sphere surface adsorption
of copper by goethite at atmospheric conditions and 25°C
with the addition of C032" and HCO03~ binding constants to
the model. The dashed curve shows the model fit without
these constants. See Fig. 28 for further explanation.
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Figure 37: Model-calculated outer sphere surface adsorption
of lead by goethite at atmospheric conditions and 25°C with
the addition of C032' and HCO3™ binding constants to the
model. The dashed curve shows the model fit without these
constants. See Fig., 28 for further explanation.
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Figure 38: Model-calculated inner sphere surface adsorption
of copper by goethite at atmospheric conditions and 25°C
with the addition of C032‘ and HC032‘ binding constants to
the model. The dashed curve shows the model fit without
these constants. See Fig. 28 for further explanation.
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Figure 39: Model-calculated inner sphere surface adsorption
of lead by goethite at atmospheric conditions and 25°C with
the addition of €032~ and HCO3~ binding constants to the
model. The dashed curve shows the model fit without these
constants. See Fig. 28 for further explanation.
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SCS would yield a different interpretation of the data. A
good refit of the inner sphere lead system with SCS was not
achieved. None of the single adsorption reactions or group
of reactions tried were able to produce a model curve with
the correct shape.

Model fits were also attempted for inner sphere C032‘
and HCO3~ surface complexes. Model calculations produced
underestimation of adsorption for lower pH values in outer
sphere adsorption systems. This effect was reversed for
inner sphere systems.

Because the inner sphere adsorption model solution of
Cu* with SCS seems to fit the experimental data fairly well
(Fig. 38), it is instructive to examine it in more detail,.
Figure 40 compares speciation diagrams for mole percent of
total surface sites versus pH for the inner sphere

2* under atmospheric conditions with and

adsorption of Cu
without the inclusion of SCS (surface compliexation reactions
for 0032' and HCO37). As seen in Figure 40, in the diagram
with SCS, the surface C032' species predominates over the
surface HCO3~ with the Tatter being too insignificant to.
appear in the diagram. The striking differences between the
two diagrams are: 1) the percentage of S0~ sites decreases

at pH values greater that 6.6 in the model solution with

SCS; 2) k¥ -adsorption is greatly enhanced by the inclusion
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Figure 40:

Model-calculated distribution diagrams of inner

sphere surface adsorption of copper by goethite with and
without binding constants for 0032'
of mole percent total surface sites and pH.

or HC03' as a function
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of SCS, and NO3~ adsorption is somewhat depressed; and 3)
the percentage of neutral SOH sites steadily decreases in
the model solution with SCS. Hence, CO32' seems to sorb to
the surface at the expense of the neutral SOH sites, the SO~
sites, and, to a lesser degree, the sorption of NO3~. The
decrease in SO0~ sites corresponds to a large increase in the
SO"K* surface complex. The calculated surface charge is
more positive (at a given pH) in the model solution with SCS
than in the model analogue without SCS.

Next, model calculations were compared with
experimental data at Cg = 10-2 M. As seen in Figs. 41
through 44, no model solution gives an adequate fit of the
experimental data. The same is true for systems with SCS,
although figures are not shown. Both copper and lead outer
sphere, and copper inner sphere model solutions predict some
adsorption inhibition, but the model curves do not follow
the experimental data points. There may be several reasons
for this. 1In all cases, the upturn of the curve just before
pH 9 is due to the formation of the M(C03)22‘ aqueous
complex (as indicated by the model calculations). The fact
that the experimental data do not show an upturn in this pH
range may indicate that the stability constants for these
aqueous complexes are too strong. -However, model

calculations using smaller aqueous complex formation
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Figure 41: Model-calculated outer sphere surface adsorption
of copper by goethite at atmospheric conditions (Atm) and
Cr = 10-2 M. See Fig. 28 for further explanation.
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Figure 42: Model-calculated outer sphere surface adsorption
of lead by goethite at atmospheric conditions (Atm) and
Cr = 102 M. See Fig. 28 for further explanation.
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Figure 43: Model-calculated inner sphere surface adsorption
of copper by goethite at atmospheric conditions (Atm) and
Cr = 10-2 M. See Fig. 28 for further explanation.
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Figure 44: Model-calculated inner sphere surface adsorption
of Tead by goethite at atmospheric conditions (Atm) and
Cy = 10°2 M, See Fig. 28 for further explanation.
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constants did not improve overall fits. Also, the
assumption that M(CO3)22‘ ions adsorb did not improve
overall fits. Another possibility might be that the surface
complexation site-binding model is not sensitive enough to
model these adsorption inhibition effects since they involve
less than 2% of the‘total metal originally present.

Finally, model fits were determined at lower total
metal concentrations but with the same goethite
concentration (i.e. at lower adsorption densities). The
results are shown in Figs. 45 through 48. The model fits
were calibrated at the highest concentrations in all
cases. As seen in the figures, model predictions for the
lower concentrations vary from being somewhat close to
somewhat off. Model predictions are qualitatively correct

in all cases. The inclusion of SCS in modeling calculations

does not improve model fits,

Discussion:

The predictive ability of the surface complexation
site-binding moded for both outer sphere and\inner sphere
surface complex model analogues was tested for different
I's, different Cr concentrations, and different Ng values,.
From this study, it is not clear which kind of surface

complex analogue is better. Both do a good job of modeling
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Figure 45: Model-calculated outer sphere surface adsorption
of copper by goethite with changing adsorption density. The
gogth1€e concentration wast31 g/1 in all systems for
p K = 8.80 and p K = 13.60 without SCS.
CuoH” Cu(OH)2
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Figure 46: Model-calculated outer sphere surface adsorption
of lead by goethite with changing adsorption density. The
gogt?ite concentration was 31 g/1 in all systems for

p k'™ = 8.50 without SCS.
PbOH
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Figure 47: Model-calculated inner sphere surface adsorption
of copper by goethite with changing adsorption density. The
goeth1te concentration was 31 g/1 in all systems for

p K ; = -1.85 without SCS.
Cu
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Figure 48: Model-calculated inner sphere surface adsorption
of lead by goethite with changing adsorption density. The
gogt?ite concentration was 31 g/1 in all systems for

p k', = -0.38 without SCS.
Pb
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ionic strength differences (up to 0.1 M as KNO3) and Cy
differences up to atmospheric conditions, and both give
comparable results for different adsorption densities. Both
also have difficulty modeling above atmospheric Cy systems.
These different model analogues suggest contrasting
interpretations of the adsorbing metal species. The outer
sphere surface complex model indicates that hydroxo species
are adsorbed., This finding is consistent with previous
thinking that adsorption of hydrolyzed metal ions is favored
since secondary hydration waters are more easily removed
from hydrolyzed metal ions than from unhydrolyzed metal
ions., The inner sphere surface complex ana]ogﬁe suggests
that free metal ions are adsorbed. |
Hayes and Leckie (1986, in press) used a slightly
modified version of the surface complexation site-binding
model to study outer sphere and inner sphere lead and
cadmium surface complexes on goethite at different ionic
strengths. They found that the inner sphere model analogue
fit their data much better than did the outer sphere
analogue. They also performed potentiometric titrations to
determine the number of protons released per lead ion
adsorbed. Their results indicate that one proton is
released per lead ion adsorbed. This agrees well with inner

sphere reaction stoichiometry for the adsorption of free
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metal ions. They conclude that treating divalent metal
cations as inner sphere surface complexes is more
appropriate than as outer sphere surface complexes.

Hachiya and others (1984) found that the inner sphere
surface adsorption analogue worked better for Cu2+, Mn2+,
zn2*, co2*, and Pb2* adsorption onto y-Al,03. They noted
that the equilibrium constants for metal ion adsorption with
release of a proton are in the same order as the hydrolysis
constants for those metal ions.

Evidence previously presented indicated that CO32‘ and
HCO3~ sorb onto the goethite surface. Based upon modeling
simulations in this study, 0032“ and'HC03‘ probably sorb as
outer sphere surface complexes since‘assumptibn‘of inner
sphere carbonate sorption resulted in larger discrepancies
in model fits. There are some potential problems with the
estimated binding constants frdm Sanchez and others
(1985). These constants were originally derived from the
data of Stumm and others (1980). Stumm and others compared
equilibrium constants for exchange of 0032' and HCO3~ with-a
goethite hydroxyl group, and equilibrium constants for
similar exchange with a wéter hydroxy]l group: Inner sphere
.surface complexes on goethite were assumed in these
comparisons. Hence, the C032‘ and. HCO3™ estimated binding

constants might be somewhat stronger than would be expected
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for outer sphere surface complexes. However, decreasing the
C032‘ binding constant in the model did not significantly
change model fits until the constant was reduced to such an
extent as to almost eliminate its presence.

The inclusion of estimated binding constants for C032'
and HCO3™ in the model does. not help predictive modeling
capabilities for the parameters tested in this study.
Tripathi (1984) did not include adsorption of aqueous
carbonate species onto goethite in his modeling efforts. He
reported an improvement in model fit with an increase in
surface area for carbonate-bearing systems. This suggests
that sorption of C032' and HCO3~ is not responsible for his
model fit discrepancies since one would expect a worsening
in the fit with an increase in surface area.

Adsorption density experiments have been performed by
several researchers and all have noted a pH shift of the
adsorption edge with changing adsorption density. Benjamin
and Leckie (198la) concluded that the reason the pH region
of the adsorption edge becomes more alkaline as total
adsorbate concentration increases (i.e. adsorption becomes
less specific) is that the surface ﬁas many groups of
binding sites. At small adsorbate to adsorbent ratios, all
types of sites are available in excess and the higher

binding energy sites are filled first. The surface
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complexation site-binding model assumes all sites have the
same binding energy and should underestimate the amount of
adsorption taking place at lower adsorbate concentrations.
In the case of copper, the changing dimer (Cuz(OH)22+)
concentration with total concentration might play a role in
the adsorption density modeling results.

Tripathi (1984) points out another factor in adsorption
density modeling results. He reports that G. A. Parks has
shown that equilibrium constants calculated with the surface
complexation site-binding model contain a term which is
proportional to the surface area. This dependence results
from the use of specific surface area to calculate the
concentration of surface éites, [SOH] (Leckie, 1986):

N x A x W

[SOH] = =
6.02 x 1023

where Ny is the surface site density (sites/cmz), A the
specific surface area (cmz/g), and W the amount of solid
dispersed (g/1). The concentration of surface sites is used
as a component to define surface species. Components are
effectively "reference species" from which all other species
can be formulated (Morel, 1983). This dependency probably
makes the constants only valid for the surface area at which

they were calibrated. Hence, care should be taken when this
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model is to be used to predict conditions at different
adsorption densities (Tripathi, 1984). However, because
most adsorption studies are performed under the conditions
that [SOH] is much greater than site occupancy, [SOH] should
remain fairly constant over several orders of magnitude of

adsorption density (Leckie, 1986).
ESTIMATION OF APPARENT BINDING CONSTANTS

Introduction

Benjamin (1978), and Benjamin and Leckie (1981a)
developed an equation to calculate the apparent or average
equilibrium bin&ing constant of a metal on a sorbent
material. With this equation, the distribu%ion of site
binding energies may be examined. The apparent binding
constant is defined as:

. (SOWe;) (H5)X

K, = . EDL
®  (SOAp) (Me)

where:
SOMet = the sum of the activities of all adsorbed metal
species.
SOHy = the activity of all protonated surface species.
X = the average number of protons released per metal
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jon adsorbed.
EDL = a term accounting for coulombic interactions in

the double tayer.

The EDL term does not vary much over a pH range of 2 to 3
units in the presence of a swamping electrolyte (Benjamin
and Leckie, 198la). If all adsorption data are from a
single ionic strength, activity coefficients can be included

in the K'e value. Hence, a new variable Ke is defined:

Ke

K. = o

e EDL

Ke can be determined solely from experimental

measurements., Since:

(SOMeT)
(SOH,)

then,

~
[}
-1

This value of K, can be plotted versus r. Benjamin and
Leckie (1981a) observed that, for very low surface

coverages, Ke is constant. For these conditions the metal
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ions bind to an excess of high energy sites. As surface
coverage increases, corresponding to lower Ke values, these

sites are depleted.

Copper and Leéd Apparent Binding Constants

Adsorption data from this study for atmospheric
conditions, I = 0.1 M (as KNO3), total copper of 104, 10-5,
and 1078 M, total lead of 1072, 10-%, and 10°7 M, and a pH
range of 5 to 7 have been plotted. First, the outer sphere
scenario in which metal hydroxo species are the adsorbate
was considered. For this model, two protons are released
for each metal ion adsorbed. These data are plotted in Fig.
*49.,

Empirical evidence %ndicates that less than two protons
are released per metal ion adsorbed. Benjamin and Leckie
(1981a) measured the proton release accompanying adsorption
of copper and lead ions onto Fe203'H20. They report 1.88-
1.89 protons released per copper ion, ana 1.65 protons
released per lead ion adsorbed. The use of a slightly
smaller proton release value in the apparent binding
constant equation does not affect the overall interpretation
of the data. Although the apparent binding constant
calculation assumes that proton release is independent of

pH, it is likely that the number of protons released varies



T-3057 147

-3 -2 -IA
log T

Figure 49: Apparent equilibrium binding constants for
copper and lead onto goethite in 0.1 M KNO5 solution at 25°C
assuming that two protons are released for each metal ion

adsorbed.
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over a wide range of adsorption density and/or pH (Benjamin
and Leckie, 198l1a). Leckie (1986) reports that the number
of protons released per lead ion adsorbed onto goethite
changes with pH. The narrow pH range (pH 5-7) used in the
apparent binding constant calculations (Fig. 49) of this
study should not be subject to much of an effect from
changing proton release with changing pH.

Figure 49 shows that there are two general regions for
both the copper and lead curves; a portion sloping about
45°, and an almost vertical portion. The regions of
changing slope occur at I values of about 1012 and 10-2-2
for copper and lead, respectively. That neither curve
reaches a horizontal slope indicates that the highest
bind{ng energy sites are not in excess. at any of these
surface coverages.

Next, the inner sphere assumption in which free ions
are the adsorbate was considered. For this model, one
proton is released for each metal ion adsorbed. This proton
release corresponds to the findings of Hayes and Leckie
(1986, in press) of a reaction stoichiometry of one protnn
released per lead ion adsorbed onto goethite. Plotting of
this data yielded a graph with no distinguishable curve for
either metal. Hence, no site binding information could be

obtained for this scenario.
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

CONCLUSIONS

Based on this work, the following conclusions can be

drawn:

1. Copper and lead are both specifically adsorbed by

goethite with copper being more strongly adsorbed than lead.

2. Copper and lead adsorption reactions equilibrate

rapidly, on the order of one hour.

3. Greater than atmospheric amounts of total dissolved
carbonate (Cy) reduces adsorption of aqueous copper and lead
onto goethite between pH 7 and 9. This adsorption
inhibition is proportional to Cy, and is a function of pH

and total metal concentration.

4, Copper and lead adsorption are not significantly
affected by the change from Cy=0 to atmospheric conditions

(PC()2= 10"3.5 atmo)o



T-3057 150

5. Copper and lead adsorption are not significantly
affected by an increase in ionic strength up to 0.1 M (as

6. The pH range of copper and lead fractional adsorption is
dependent on adsorbate concentration with lower adsorbate
concentrations resulting in a shift of the adsorption edges
to lower pH regions. This may be attributed to the presence

of sites of varying binding energy on the goethite surface.

7. Modeling of experimental data with the surface
complexation site-binding model was achieved for simple
systems (Cr=0, I=0.01 M (as KNO3), and zCu=10-4% M or
zPb=10"3 M). However, the model provides different
interpretations of the adsorbate species depending upon
whether outer sphere or inner sphere adsorption of the metal
is considered. Assumption of outer sphere metal adsorption
indicates that hydroxo species are adsorbed whereas
assumption of inner sphere metal adsorption indicates that’

the free ions are the adsorbates.

8. Addition of reactions and intrinsic complexation
constants for the adsorption of HCO3~ and C032' onto

goethite results in an overestimation of lead adsorption
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when previously determined intrinsic complexation constants
are used (for total lead of 10-° M). No improvement in
model fits of experimental data was achieved by the addition

of carbonate surface reactions.

9. None of the model scenarios used in this study can
accurately model metal adsorption inhibition at total
dissolved carbonate carbon concentrations of IO'Z_ﬂ.

However, the model works well for atmospheric conditions
=10-3‘5 atmo)o

(Pco,
10. Order-of-magnitude adsorption density changes can be

modeled qualitatively and semi-quantitatively by the model
scenarios used in this study. Model fit discrepancies may
be attributed to the fact that this model assumes only one
type of adsorption site on the goethite surface. Another

factor could be the dependence of the model-calculated

equilibrium constants on surface area.
DISCUSSION AND RECOMMENDATIONS FOR FUTURE STUDY

There are two main endeavors of adsorption modeling.
The first is to gain an understanding of fundamental

adsorption processes, and the second is to develop a
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predictive model which can be applied to natural systems.
Surface complexation models have proved to be valuable tools
in fundamental adsorption studies. Natural systems have
been successfully modeled by several researchers (Bourg,
1982; Lion and others, 1982; Mouvet and Bourg, 1983;
Balistrieri and Murray, 1983). Unfortunately, however, some
problems exist in the application of surface complexation
models to natural systems. Honeyman (1984) used an
adsorptive additivity model and net partitioning
coefficients to examine colloidal mixtures of adsorbent
materials. He found that the extrapolation of adsorption
data derived from single adsorbent systems to heterogeneous
systems often results in the improper calculation of solute
behavior. He concluded that sorptive behavior in colloidal
systems should not be expected to be additive, and
recommends caution in the extrapolation of adsorption data
to multiple adsorbent systems.

Davis (1980) studied the adsorption of natural
dissolved organic matter at the oxide/water interface. His
results suggest that, under conditions typical for natural
waters, an'hydrous iron oxide surface is probably largely
covered by adsorbed organic matter. He predicts that the
organic coating would have substantial influence on the

surface properties of the sorbent material.
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The previous discussions indicate that there is a
"credibility gap" between fundamental adsorption studies on
model systems and their application to natural systems.
However, fundamental studies are necessary for the
understanding of solid/solution adsorption processes. More
research is needed to determine the stoichiometry of
solid/solution interfacial reactions. The use of EXAFS
(extended X-ray absorption fine structure), an X-ray
absorption method, may prove to be useful for this
purpose. With direct information about adsorption
stoichiometry, appropriate reactions could be included in
model predictions, thus eliminating the trial and error
approach to adsorption stoichiometry currently required.
Another useful addition to adsorption modeling would be the
consideration of mineralogical structure such that a
reasonable estimation of heterogeneous surface sites could
be incorporated.

Alternative approaches to the study of adsorption in
natural systems should be investigated. One possibility
might be to start with natural materials and obtain bulk
édsorption parameters. With this approach, additivity of
the individual components is not an issue, but the results
are site-specific. Also, determination of metal

partitioning in natural samples could be a useful technique
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to identify the solid phase in which the metal of interest
resides (for example, organic material versus iron oxides).
The proportional adsorption inhibition caused by
dissolved carbonate warrants further investigation. This
inhibition effect is likely to cause increased mobility of
metals in natural systems such as aquifers which contain

calcite and dolomite, and arid-climate alkaline soils.
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APPENDIX 1

Computer Programs Used for Data Analysis
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NORMY 1S USED TO NORMALIZE POTENTIOMETRIC

TITRATION VOLUMES TO STROMG AGID AND RASE CNNCENTRATIONS
OF 0.3000 M, 1T THEN DETERNINES THE DIFFERENCE RETHEEN
VOLLUME OF ACID AND BRASE ADDED TN THE 3SYSTEM AT A GIVEN
POINT IN THE TITRATTION. ITWPUT AND CUTPUT FILES ARE
INTERACTIWE. THREE QUTPUT FILES ARE WRITTEN:

1. ALL THE PH AND UOLUME DATA.

2. DATA INTENDED FOR USE RY A PLOT PROGRAM.,

3. DATA INTENDED FDR REVISIOM FOR THE PROGRAM SIGHMA.
INPUT LOLLUNMES ARE TN MILS. THERE MUST BE A O AT THE END OF
THE IKNPUT DATA SET. K. SHITH

DOURILE PRECISION FILTN, AlLL, GRAPH, SIGHMA
WRITE (4,3)

FORMAT(3X, 'ENTER INPUT FILE NAWE'’,/)

READ (4,4) FILIN '

OPEN (UINTT=23, FILE=FILIN)

FORMAT (A1Q)

WKRITE (4,3)

FORMAT(/, 3%, ‘ENTER 3 QUTPUT FILE NAMES (i PER LINE)',/)
READ (4,4) AlLL

RIFAD (4,4) GRAPH

READ (£4,4) SIGYA

OPEN (UNIT=10, FILE=ALL)

OPEN (LINTT=11, FILE=GRAPH)

OPEN (UNTT=312, FILE=SIGHA)

READ (21,83) CONAC., CONRA

FORMAT (2GQ)

READ IN EACH TNCREMENT OF TITRATIOW DATAS
WRITE (10,40)

DVOLN = Q.0

UNLACK = 0,0

VOLRAN = 0.0

DYOLNY = 0.0

TREAD (23,30) INDEX, PHINAL., VUDLAC, VOLBA

IJF (INDEX .EG. 0) GO TD GO

-FORMAT (4G)

NORMALTZE TITRATION UOILUMES:
VOLACK = (VOLAC # CONAC) /7 O.1000
VOLBAN = (VOLRA # CONRA) / 0.1000
DUDLN = VOLRAN - URLACN

WRITE (10,5%0) INDEX, PHINAIL, DUOLN. VOLACN, UOLBAN
NRITE (11,55) DVOLN, PHINAL

DURLNY = -DURLN .

RRITFE (12,36) TNPFY, PHINAL, UDLACN, UOLPAN, DUD! WX
FORMAT C/TNNEN 8%, ‘PH/, &%, ‘YDLUKE DIFFERENCE’,
4%, ‘NORM. YOL. ACID',4), ‘NORM. V0OL. RABE’)
FORMAT(/, I3, 1X¥. FR.3, 3%, FS.3, 12%, F9.3, 10%, F8.3)
FORMAT (2F)

FORMAT (13, 4F)

GO TO 20

CONTINUE

CLOSE (LN]JT=10)

ClORE (LINTT=11)

CLOSE (NIT=12)

WRITE (4,73)

FORMAT( /7,3, ‘ANODTHER SET OF DATAT ("Y" OR "N")‘,/)
READ (4,30) AKRS

FORMAT (A3)

IF (ANS FR. ‘Y’) GO TO 2
IF (ANS .NE. ‘N‘) GD TO 70
srop

END
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SIGMA DETERMINES THE SURFACE CHARGE OF A S0L FROM
POTENTIOMETRIC TITRATION DATA. UWOLUMES ARE AS

MLS, BURFACF AREA 18 IN TERKMS OF SOUARE METERS, AND
SIGMA T3 TN LUNJTH OF MICRO C/SOUARE CHMS. INPUT AMD
QUTPUT FILER ARF INTERACTIVF, THO QUTPUT FILES ARE
WRITTEN: CNE GIVES ALL THE DATA, AND THE QTHER I8

INTENDED FOR UGE BY A PLOT PROGRAM. THERE MUST 8F A O AT
THE END OF THE INPUT FILE. JKRPUT DATA MUST RE NORMAILLIZED
TO ACID AND RASE CONCENTRATIONS OF 0.1 M, HAUE THE EFFECTS
OF THE BLAMK TITRATION REMOVED, AND HAVE HAD AN ORIGINAL

VOILLUME OF 535 M, K. SMITH

DOURLE PRECISION FILTIN, ALL, PLOT
WRITE (4,3)

FORMAT(5X, ‘ENTER JINPUT FILE NAME’,/)
READ (4,4) FILTHN

OPEN (UNIT=235, FILE=FILIN)

FORMAT (A10)

WRITE (4,3)

FORMAT(/,.5X, ‘ENTER 2 OUTPUT FJILE NAMES (3 PER LINE)‘,/)

READ (4,4) ALL

READ (4,4) PLOT

ODPEN (UNIT=11, FILE=ALL)
CPEN (LINTT=12, FILE=PLOT)

READ IN INJTTYAL DATA:
READ(Z3, GIPHINT , VOL.INT . GAHMAH, GAMMOH . AREA
FORMAT (%6) '

CALCHLATE THE CONCENTRATIOMN OF H AND OM:
PHX = 0,0

ACTH = 0.0
CONCHI = 0,0
POHP = 0,0
POMYX = 0.0

ACTOH = 0,0

CONDOHI = 0.0

PHY = —PHINT

ACTH = 10, 0#:PHX

CONCHI = ACTH / GAMMAH

POHP = 14,0 - PHINT

POHX = -POHP

ACTOH = 10,0#%POMHX

CONOHI = ACTOH / GAMMOH

IRRITE (311,7)

WRITE (11,8) PHX, ACTH, CONCHI., GAMMAH
HRITE (11,9)

NRITE (31,R) POHX, ACTOH, COMOMI, GAMMOH
FORMAT (30X, ‘H DATA’)

FORMAT (/. G, SX, G, S¥, G, SX:. Q)
FORMAT (//, 30X, ‘OH DATA')

READ IN EACH INCREMENT QF THE DATNH:
RRITE (11,18)

PHY = 0.0
ACTHY = 0.0
CONCHT = 0,0
POMY = 0.0
POHZ = 0.0

CARTOMT = 0.0
CONOHT = 0.0

GAMKA = 0.0

SI6MA = Q.0

READ (21,15) INDEX, PHINAL ., UDLACN, UVOLBAN. DUVOLNX
JF (INDEX .EQ. Q) GO TO 20

FORWMAT (5G)

174
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CALCINATE THT COMNCENTRATION CF H AKD
PHY = =PHINAL

ACTHY = 10, 0xsPy

CONCHT = ACTHY / GARHAH

POHY = 14,0 = PHINAL

POMZ = -POHY .

ACTOHT = 10, 0#+#POHZ

COMNKT = ACTOMT / GAMMOH

CALCULATE SIRFACE CHARGE !

oz

175

CAMEA= ( (COMCHT -COUOHT ) # (VOLTHRT/1000.0) )+ (0, 1% (DUOLNX/1000.0))

= ((CONCHT-CONOHT) # ( (VOLINT+VOLACKN+VOLBAN) /71000.0))
(AREA =+ 10000,0)

STGHA= (1000000,0 % SGAR7.0 # GAMHA) /

WRITE (i2,17) PHINAL, GIGHA

WRITE (15,38) INDEX, SIGHA. FHINAL . GAMMA,
PH L ION, 'IAMMA Y,

FORFAT (/77032 “YRREX L, 70 "STEHA Y, X,
18X, 'CORNC HY 13X, ‘CORG OHY)
FORMNAT (2F)

FORMAT (/, (G, A%, F10,0,8, 8.0, 4, 6,43, G, 8%, [)

GO TN 10
CONTINUE

CLOSE (T T=-31)
CHOSFE (INTT:82)
WRITF (4,30)

FORKAT (/7,3 "AROTHER SFT 0OF DATAY ("Y*"

READ (4,3%) ANS

FORMAT (A1)

IF (ANS FR. ‘Y‘) GO TO 2
IF (AKS (NE. ‘N7) 60 TD 25
ETOP

ERND
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PKA1 CALCULATES THE PARAMETERS FOR A DOURLE EXTRAPOLATION
DIAGRAM FOR A POSITIVELY--CHARGED SURFACF. NECESSARY INPUT
IS THE TATAL MUMRER OF SITFS AS MICRO C/86¢ CM., AND THT IONIC
STREMGTH. THE INPUT FTLE OF PH AND SIGHMA UALUES MUST HAVE A
0 AT TUHE ENMD, IRPHT ARD OUTPUT FILES ARE INTERACTIVE.

THO QUTPUT FILES ARF WRITTEWN! ONE GIVES THE PARAMETERS AND
THE CTHER 16 INTENDED FOR USE RY A PLOT PROGRAM,. K. SMITH

DOUBLE PRECISION FILIN. ALL, PLOT, IONICS, LSURT
WRITE (4.,03)

FORMAT(EX, "FNTER INPUT FTLE MAME', /)

RFEAD (4,4) FII TN

OFPEN (LINYT=21, FILE=FILIN)

FORMAT (A10)

KRITE (4.7) :
FORKWAT(/, 5, FNTFR 2 OUTPUT FILF MAMES (J PER LLINE)’./)
READ (4,4) ALL

READ (4,4) PLOT

OPEN (URTT=353, FTILE=ALL)

CPEN (LUNYT=32, FILE=PIOT)

READ IN INJITTAL DATAL

MRITE (4,R)

FORMAT (/, 11X, ‘FRTER VALLIF FOR TOTAL SITES (MICRO C/SQ.CM.) ‘. /)
READ (4,7) TSITES

FORKAT (R)

HRITE (4.8)

FORMAT (/. 1, ‘ENTER VAILLLIE FOR IONIC STRENGTH (MOLS/L) /)

READ (A4,7) IONTICR

FORMAT (&)

READ IN EACH INCREMENT OF THE DATA:
KRITE (135,18)

FRAC = 0.0

GURT = 0.0

LBUBT = 0,0

PRAS = 0.0

FION = 0.0

RFAD (23,15) PHINAL, STGHA

IF (PUHTINAL .FR. Q) GO TO 20

FORMAT (2F)

CALCULATE TUE PARAMETERS!

FRAC = SIGMA / TRITES

SURT = FRAC / (5.0 - FRAC)

LEUBT = 1LLOGIO(BURT)

PRA1 = PHINAL + LSURT

FINN = FRAC + (0,00 % (SRRT(JONTICS)))

WRITE (12,17) FION, PGRAL
WRITE (11,18) PQA1. FION., FRAC

176

FORMAT(// /2%, ‘PRAS ' 7%, ‘T TERM',4X, ‘FRACTJIONAL SURF. CHARGE ‘)

FORMAT (2T)

FORMAT (/. F7.3:4%X,G10,32,9%,G10.3)
GO TO 10 .
CONTIHUE

Ci.OSE (UNJT=117)

- CLOSE (UNIT=12)

WRITE (A4,30)

FORMAT(//,5¥, 'ANDTHER SET OF DATAT ("Y' OR "N")’,/)
READ (4,330) ANS

FORMAT (ARJ)

IF (ANS EG. ‘Y’) GO TO 2

IF (ANS .NE, ‘N’) GO TO 205

srap

END
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PKAZ CALCULATFS THF PARAMETERS FOR A DMIRLE EXTRAPDLATION
DIACRAM FOR A NFGATTUFLY-CHARGED SURFACE. NWRECESSARY INPUT
IS THF TOTAL MUMPRFR OF SITES AS MICRD C/SE CH, AND THE IONIC
STRENGTH., THE INPUT FJLE OF PH AKD STGHA VALUES MUST HAVE A
0 AT THE FERD. INPUT AND CUTPUT FILES ARE TNTFRACTIVE.

TRO QUTPHT FILEFS ARE WRITTEN! ONE GIVES THE PARAMETERS AND
THE OTHER TS INTENDED FOR USE RY A PLOT PROGRAM, K. SHITH

DOURLE PRECISION FYLIN, ALL, PLOT, IONICS, LSUBT
WRITE (4,3)

FORMAT(TX, 'FRTER IRPUT FILE NAME', /)

RFAD (4.4) FTLIN

OPEN (IRTIT=23, FILE=FILIN)

FORMAT (A50)

NRITE (4,5)

FORMAT(/,5X, ‘ENTER 2 OUTPUT FILE NAMES (1 PER LINE)‘./)

READ (4,4) Ai L
RFEAD (4,4) PLOT
OPEN (HINIT=01, FILE=ALL)
OPEN (URIT=12, FILE=PLOT)

READ TN TNITIAL DATAL
WRITF (4,6)

FORMAT(/, 33X, 'ENTER VAL UF FOR TOTAL SITES (MICRO C/S5G.CM.)‘,/)

RFAD (4,7) TRITER
FORMAT (03)
NRITE (4,8)

FORFIAT(/, 1X, 'EHNTER VALUF FOR TONIC STRENGTH. (MOLS/L)Y ', /)

RFAD (4,8) 10NICS
FORMAT (R)

READ IN EACH THNCREWENT QF THE DATAZ
NRITE (33.,16)

FRAC = 0,0

SHRT = 0,0

LEURT = 0.0

PRAZ 0,0

FionN Q.0

READ (21,315) PHIRAL, SJIGHMA

IF (PHINAL .FQ@. 0) GO TO 20

FORMAT (2F)

CALCUL ATF THE PARAMETERS?

FRAC = (-51G4A) / TSITES

SURT = FRALZ / (1.0 - FRAC)

LSURT = LOGIO(RURT)

PRAZ = PHINAL - LSURT

IO = FRAZ + (0,1 + (SRRTOIONICS)))

WRITE (12.17) FION, PGRAZ
WRITE (11.,18) PRA2., FINN, FRAC

177

FORMAT(/ /7,25, 'POAZ ", 7¥, 'T TFRHM’ :A4X, ‘FRACTIONAL SURF. CHARGE ')

FORMAT (PF)

FORMAT (/. F7.3,4X,6310,3, ™. 030, 3)
G TO 10

CONTIHUF

CLOSKE (UNTT=11)

CCLOBE (UNTT=12)

WRITE (£,30)

FORMAT(/ /7,535, 'ANOTHER SET OF DATAT ("Y" OR "W")'‘,/)
RIFAD (4,30%) ANS

FORMAT (A1)

IF (ANS .ER. ‘Y’) 00 TO 2

IF (ANS .NE. ‘N‘) GO TO 20

ST0P '

IZRD



