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Matters phi_losophical
Destiny

"It’s a book that says the same thing almost all the other books in the world say," continued
the old man. "It describes people’s inability to choose their own destinies. And it ends up

saying that everyone believes the world’s greatest lie."
"What’s the world’s greatest lie?" the boy asked, completely surprised.

"It’s this: that at a certain point in our lives, we lose control of what’s happening to us, and

our lives become controlled by fate. That’s the world’s greatest lie."

"That’s never happened to mé," the boy said. "They wanted me to be a priest, but I decided
to become a shepherd."
"Much better," said the old man. "Because you really like to travel." '

Paulo Coelho - The Alchemist
Vrijheid/Vryheid/Freedom

Maar de vrijheid is niet gebonden door stadsgrachten en bastions; zij schuilt in de gedachten,
in de daden van elk van ons.

Theun de Vries - Kenau

Kettings aan jou voorkop vas, in die tronk is daar kettings aan jou denke vas......
Breek dit af, breek die mure om jou af, binne buite om jou af....

Johannes Kerkorrel en die Gereformeerde Blues Band - Tronk
Science

It is the mark of an instructed mind to rest easy with the degree of precision which the nature
of the subject permits and not to seek an exactness where only an approximation of the truth
is possible.

Aristotle



ii

Late 20" century life

Can’t you see, it all makes perfect sense, expressed in dollars and cents, pounds shillings and
pence.

Roger Waters - Amused to death

Life
We can never know what to want, because, living only one life, we can neither compare it
with our previous lives nor perfect it in our lives to come.... Einmal ist keinmal..... If we

have only one life to live, we might as well not have lived at all.

Milan Kundera - The unbearable lightness of being

In memory of Patrius Pretorius (1936 - 1992)
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Abstract

The adsorption of Ni, Cu, Zn, Cd and Pb by 6-MnQ,and its inclusion in an equilibrium
model of metal partitioning in soils.

PJ Pretorius, Department of Chemistry, Univérsity of Cape Town, Rondebosch, 7700, South
Africa.

Chemical equilibium modelling provides a mechanistic tool for the prediction of metal
partitioning in soils, which is important in predicting the fate and effects of metals in soil
systems. In order to set up an equilibrium model of metal partitioning in soil systems,

thermodynamic data for all processes influencing metal fate in soil systems are needed.

In this work, the adsorption of the metals nickel, copper, zinc, cadmium and lead by 6-MnO,
is investigated. This was done in order to provide thermodynamic data for an important
adsorption phase in soils systems. Before this work, consistent adsorption data for only one
adsorption phase, hydrous ferric oxide, were available. This precluded the inclusion of

manganese dioxide in equilibrium models of metal fate in soil systems.

Surface complexation properties of a synthetic manganese dioxide were investigated using
glass electrode potentiometry. Experimental data were interpreted according to the surface
complexation model in conjunction with the diffuse double layer model of the solid/s;)lution
interface. Adsorption constants were derived using the non-linear optimization program
FITEQL. The surface compléxation parameters determined in this fashion were validated
against results obtained from the open literature. Following this, the surface cbmplexation
‘parameters were included in a chemical equilibrium model of soil systéms. This model was

used to predict the partitioning of nickel, copper, zinc, lead and cadmium in a number of soil



samples collected in The Netherlands.

Contrary to results presented by other workers, it was found that a non-homogenebus surface
site model was needed to explain the potentiometric data obtained for proton and metal
| adsorption by manganese dioxide. Best fits of alkalimetric titration data were obtained with
a two-site, three surface-species model of the 8-MnO, surface. Site concentrations of
2.231x10? mol.g™ and 7.656x10* mol.g* were obtained. Corresponding equilibrium constants
for the formation of the postulated surface species are -1.27 (=X0O), -5.99 (=YO’) and 3.52
(=YOH,"). This model was successful in a qualitative manner in describing adsorption results

obtained from the open literature.

The prediction of metal partitioning in soil systems showed that although the inclusion of
manganese dioxide in the model led to some improvement in the agreement between observed
and predicted results, other factors are present which influence metal partitioning in soils.
The discrepancy between observed and predicted results furthermore showed that the

processes accounted for in the equilibrium model are incomplete.
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Glossary of symbols

Partition coefficient

4

Ty Total concentration of component X

X Component X;

G Species consisting of components X;

[: Concentration (mol.dm™)

{}: Activity

pT: Thermodynamic equilibrium constant
I: Stoichiometric coefficient

Y: Activity coefficient

=SOH: Surface site. Also =XOH and =YOH
o: Surface charge

v Surface potential

C,, Cy: Capacitance

E: EMF

E®™: Electrode intercept

s: Nernstian slope
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Chapter 1  Introduction

One of the possible methods to assess the potential risk associated with the pfesence of toxic
compounds in the environment is to derive quality criteria for individual compounds and
compare actual environmental concentrafions with these standards (van der Kooij et al., 1991).
However, for these standards to be realistic, they should take into account the complex inter-
relationship between chemical behaviour and biological effects of pollutants. Allen (1996)
states that environmental quality criteria should, amongst others, be predictive of (biological)
effects and they should be scientifically valid. It thus follows that, in order to provide
environmental quality criteria which adequately protects biota and environmental quality in
the different environmental compartments (soil, sediment, water and air), cognisance should

be taken of pollutant behaviour and the way it is affected by surrounding conditions.

In this> thesis, the focus is on the behaviour of the metals nickel, copper, zinc, lead and
cadmium in soils. In particular, the partitioning of these metals over the solid-solution phase
in soils will be addressed. It is well known that the distribution, mobility and biological
availability (i.e. the fate and effect) of metals in natural systems depend not simply on their
total concentrations, but critically, on the chemical and physical associations they undergo in
these systems (Ure and Davidson, 1995). There is a growing body of evidence which
indicates that the biological effects of pollutants, including metals, in soil and sedimentary
systems are better related to their concentration in the pore - or interstitial water phase, rather
than to the total concentration in the solid phase (Adams et al, 1992; van Stralen and
Bergema, 1995). The concept of equilibrium partitioning (Shea, 1988) is commonly used to

predict solution phase concentrations from total soil concentrations.



1-2

In the equilibrium partitioning approach, pollutant concentration in the soil solid phase is

related to solution phase concentration via expression 1.1:

[Metal]

- solidghase L (1.1)
¢~ TMetal]

solutionphase

Quality criteria for the protection of sofls and sediments may now be derived from existing
water quality criteria simply by multiplying K, with the relevant water quality criterion. This
will yield a maximum concentration for the soil or sediment solid phase which will not
exceed the selected water quality criterié. There are several advantages to this approach: (i)
it harmonizes quality criteria for different environmental compartments, (ii) the analytical
determination of solid phase metal concentrations is routinely carried out and is less time
consuming than extracting pore water for analysis and (iii) water quality criteria are in many
cases well established and it is therefore sensible to link soil and sediment quality criteria to

these water quality criteria.

There is, however, a problem with the application of the eQuilibrium partitioning approach:
the partition coefficient, K, is a function of both pollutant and soil properties. In other
words, the application of the equilibrium partitioning approach to metal partitioning in soils,
as described in equation 1.1, is complicated by the partition coefficient’s dependency on metal

speciation and the factors controlling metal speciation (van der Kooij, 1991).

Basically, there are two approaches to account for the dependency of K, on metal speciation:

the first approach is a statistical one, which aims at describing the dependency of K, on the -
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soil solid phase composition. Typically, a large number of soils spanning a range of
compositions and conditions are investigated. Soil solid and solution phases are separated
using some mechanical technique, such as centrifugation. Metal concentrations in the solid
and solution phases are determined using standard analytical techniques. From these data,
partitioning coefficients are calculated. At the same time, the soil solid phase is also fully
characterized in terms of important adsorption phases and pH. A statistical relationship
between observed K's and soil parameters are then sought using multi-variate statistical
techniques. Partition coefficients are then expressed in terms of regression equations
consisting of soil parameters and a weighting factor to account for the importance of the
specific soil parameter in describing the observed K,. Examples of this approach may be

found in van den Hoop (1995), Janssen et al, 1996 and Lee et al., (1996).

The second approach is a mechanistic one. Here, the interactions in the complex
heterogeneous system is represented as a combination of elementary interactions, which are
represented by simple chemical and electrostatic models (Westall, 1993). This approach,
based on thermodynamic principles, allows the equilibrium speciation of a system to be
calculated once total component cdncentrations are known. It includes the effect of solution
speciation on the partitioning of metals over the solid/solution interface since the adsorbing

phase is viewed as a ligand which competes with solution phase ligands for the metal.

The thermodynamic approach is preferable over the first, empirical approach since it has the
ability to be used for predictive purposes. This is not the case of empirical methods, which

are generally applicable only over their range of calibration.
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In this work, an attempt is made at constructing an equilibrium model of soil solutions with
the aim of predicting the partitioning of metals over the solid/solution interface in soil

systems.
1.1 Factors affecting metal speciation in soils.

The factors affecting the fate (and therefore the partitioning) of metals in soil systems are
represented in Figure 1.1. If biotic fact(;rs are disregarded, we are left with (a) adsorption of
metals by the soil solid phase, which includes chemi-sorption of metals by the (hydr)oxides
of iron, aluminium and manganese and reactive particulate organic carbon (RPOC) and physi-
sorption by clay minerals, (b) formation and dissolution of precipitates and minerals and (c).
complexation with solution phase ligﬁnds, such as inorganic anions and natural organic
materials, such as humic and fulvic acids (see for eg. Jones and Jarvis, 1981; Bolt and van
Riemsdijk, 1987; Evans, 1989; McBride, 1989, 1994, Spositd, 1989; Ritchie and Sposito,
1995). The distribution of a metal amongst the different forms is controlled by the relative
concentrations of the reacting components as well as the parameters pH, redox potential pe,

ionic strength I and temperature.

It thus follows that any model which aims at describing the fate of metals in soils should take
the processes depicted in Figure 1.1, as well as their dependence on the system state
parameters, into account. The inclusion of these processes in the general chemical

equilibrium framework are discussed in the next paragraph.
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Figure 1.1 A diagrammatic representation of proceses affecting metal fate in soil systems.

1.2 The general chemical equilibrium modelling framework

The mathematical foundation of the equilibrium problem rests on the laws of mass action and
mass-balance. The law of mass balance states that the total concentration of a component X,

Tx, is equal to the sum of the concentrations of species C; which contains component X..

Mathematically, this may be written as



e o

1-6

where J = number of complexes formed which contains component X, 1; = stoichiometric

coefficient of X in species (or complex) C; and X,E€{X,, X,,....Xn}-

«

The law of mass-action relates the activity of species C, {C}, to the activities of the
components, {X;}, from which species C is formed through a thermodynamic formation

constant BjT. Thus, the law of mass-action may be written as

{c]) = 5}? m=1 XYr ooooinon (1.3)

BjT may be expressed in terms of concentrations and activity coefficients,

Bl =9 Y (1.4)

IT., G X, D)™

The concentration of each species C; may now be written in terms of the concentrations of

components X constituting the species, activity coefficients and thermodynamic equilibrium

constants

[C] = TR, PT* - -ovveee e e (1.5)

with

By substituting (1.4) in (1.2), we obtain



T, = [X] + E}’l rﬁrjg},’l‘[":’ﬂ %6 CEERI IR (1.7)

Equation 1.7 is general. That is, component X, may refer to a component' in the solution
phase, including the binding sites of humic substances or, to adsorption sites on the surface

of a solid.
13  From conceptual soil model to chemical equilibrium model

Translating the conceptual soil model presented in Figure 1.1 into the general equilibrium
framework is, in principle easy. However, due to the complexity of the soil system, the
number of components as well as the number of reactions each component participate in is
large. This leads to a large number of complex mass balance equations describing the soil

system. This may be illustrated considering a hypothetical soil system consisting of:
(i) adsorption phases ADS1, ADS2, ADS3,...., ADSx,

(i)  solution phase ligands L™V, L®, L® .. L® and

(iii)  metals MY, M® MO, ..., M®™,

A mass balance equation for a metal M may be written as follows:

soil _ aqueous solid aseous
T = T + T + T e (1.82)

Say M is not volatile. Thus, we may set T,#*"* = 0. Thus,

soil _ aqueous solid
T = T T (1.8b)
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In the soil system (soil solid phase and pore-water), the metal may participate in numerous
chemical reactions. The metal may form complexes with dissolved organic matter (DOM),
inorganic ligands such as PO,>, CO,%, SO,%, CI etc., the metal may be oxidized or reduced,
the metal may form insoluble precipitates with anions and the metal may sorb onto the

adsorption surfaces present in the soil solid phase.

For each component present in the soil system (i.e. metal, ligand and adsorption phase), a
Mass Balance Equation (MBE), which includes all of the processes a given component

participates in, may be written. Thus, for metal M under consideration, we may write:
Ty = [M complexed] + [M adsorbed] + [M precipitated]
This may be rewritten as:

Ty = [M™] + [ML®] + [ML,O] +..+ [ML®] + [ML®] + [ML,®] + ... + [ML,®] + ... +
[ML®] + [ML,®] + ... + [ML®] + [MOH] + [M(OH),] + ... + [M(OH),] + [M-ADS1] + [M-
ADS2] + [M-ADS3] + ... + [M-ADSz] + [ML®-ADS1] + [ML,"-ADS1] + ... + [ML®-

ADSI] 4 oo + [ML-ADSZ] . . ottt (1.9a)

Through the expression for the equilibrium constant [3 (equation 1.4), the MBE may be
written in terms of 8’s, [M™], [LY], [ADSx]:
Ty = [M™] + Z5,25, 55y By [M™I[LOJH*]

+ 28 2 EN kT Bl MTIADSX][LOPH T ... (1.9b)

An analogous MBE for each component M, L9, H, ADSx may be written.
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Thus, it is in principle possible to solve MBE’s and determine system speciation if Ty*",

T.*", T.ps, [H*] and B’s are known.

In reality, however, several confounding factors are present which necessitates several
assumptions and simplifications to enable setting up an equilibrium model of soil systems.
Assumptions and simplifications are necessary on two levels: first, soil chemical processes
accounted for in the chemical model must be trimmed down or simplified. Second, due to
experimental difficulties in characterizing soil systems, certain assumptions and operational

definitions have to be employed.

The major problems encountered in modelling metal fate in soil systems are the inclusion of
(i) adsorption of metals by the soil solid phase and V(ii) the complexation of metals by
dissolved organic matter (DOM) present in the soil matrix. These problems are a direct result
of the nature of the adsorption surfaces and DOM. Both soil adsorption phases and DOM are
structurally poorly characterized. The nett result of this is that very little is known about the
functional group arrangemeﬁts responsible for metal binding. This forces the use of
secondary - or meta models to incorporate these very important aspects in a soil equilibrium

model.

14 Models for the inclusion of metal - dissolved organic matter and metal - soil solid

phase interactions.

In the previous section, the conceptual model was translated into the general equilibrium

framework. In this section, we focus on filling in the terms of the mass balance equations
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describing the soil system in chemical equilibrium terms. The sub-models employed to
facilitate the inclusion of dissolved organic matter and adsorption processes in the equilibrium

model is discussed.

1.4.1 Complexation with Dissolved Organic Matter

Several approaches have been developed to describe the metal complexation properties of
Dissolved Organic Matter. In general, these may be grouped as (a) discrete ligand approaches
and (b) continuous distribution approaches. Discrete ligand models describe the complexation
characteristics of humic substances through a set of discrete ligands and associated
equilibrium constants. Ligand concentrations and equilibrium constants are detennined
through the application of least squares optimization techniques on a specific data set (Evans,
1989). Continuous distribution models assumes a continuum of binding sites, with some
statistical distribution in log- K space. Again, mddel parameters are determined from a
specific data set. According to Evans (1989), a problem with these approaches are that they
lack generality, i.e. the model parameters a describing the complexation properties of the
humic substance are generally only applicable to the conditions under which they were

derived and to the specific sample for which they were derived.

Recently, Benedetti er al. (1995) developed a non-ideal competitive adsorption model which
was able to describe the binding of H, Ca, Cu and Cd over a wide range .of conditions. This
model belongs to the continuous distribution family. Although the results from this approach
is promising, it suffers from two draw backs. First, the model requires to be coded into a

chemical equilibrium programme. Thus, the binding parameters obtained from the model is
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not generally usable. Second, at present data for a number of metals are not available.

Tipping (1994) developed the WHAM model. This is a discrete ligand model which also
includes the polyelectrolyte properties of humic substances. However, this model is also part
of a specific modelling package which does not allow the inclusion of adsorption processes.
Seen in the light of the importance of adsorption processes, this is a major shortcoming.

Furthermore, this model is also not freely available.

Other examples of models for the complexation behaviour of metals are available (Marinsky
et al., 1995; Westall et al., 1995). Although all of these approaches have merit, they suffer
from the same problems as those mentioned above viz. data availability and generality. For
a DOM - metal complexation model to be included in the equilibrium framework, binding site
concentrations and equilibrium constants describing the acid-base and metal complexation
properties of these binding sites are needed. Because of this, none of the approaches

discussed above can at this stage be included in a general equilibrium model.

MINTEQA2 v. 3.11 (Allison, 1991) is released with its own cation - DOM interaction model.
The model is in essence a continuous distribution model which assumes a large number of
monoprotic binding sites which are normally distributed with respect to their equilibrium
constants. The model uses ideas developed by Perdue et al. (1984) and Dobbs et al. (1989).
The equilibrium constants included in the data base were measured by Susetyo et al. (1991),
using Suwannee River fulvic acid. In order to use this model, the user is required to enter
an estimate of total binding site concentration. However, the available database for metal

interactions is limited.
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A discrete ligand approach which allows for the modelling of metal complexation by DOM
in a general way was developed by Murray and Linder (1983, 1984). The basis of this
approach is the assumption that the differences observed in the binding properties of different
humic materials are caused by different functional group arrangements on the underlying
carbon backbone. To take this into account, a method was developed which generates a large
number of moleeules, each with a random arrangement of functional groups. Certain
predetermined binding site configurations are identified and linked to simple organic ligands
with similar binding site configurations. These simple organic acids are then used as models
for humic substance binding sites. The major advantages of this approach are (a) it’s
generality and (b) thermodynamic data describing the protonation and metal complexation
behaviour of the model binding sites are readily available. This method has been used by
Mountney and Williams (1992) to model metal complexation by soil derived humic
substances. Because of it’s generality, this model was used to account for the influence of

dissolved organic matter on metal speciation in soil systems.

This model, RANDOM, requires information about the elemental composition, degree of
aromaticity and functional group content of humates. From this information, subject to
certain chemical rules, carbon backbones are generated and functional groups are assigned to
the backbones. The atomic environment of each functional group is compared to a number
of simple, well defined ligands, which are used as model binding sites. For each set of
elemental composition and functional group content data, a large number of molecules is

generated and average binding site concentrations are calculated.

The generation of each molecule proceeds via two steps viz. (a) the generation of a carbon -
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backbone and (b) the assignment of functional groups to the carbon backboné.f The
generation of the carbon backbone is coqtrolled by the following assumptions:

(i) Only single aromatic rings are allowed i.e. fused ring systems are not permitted.

(ii) Two aliphatic side chains are assumed per aromatic ring, ortho, meta or para to each
other.

(iii)  Each aromatic ring is joined to two other rings via the aliphatic chains. This results
in an overall cyclic structure.

(iv)  Branching of aliphatic chains is limited to methyl groups.

(v) Double and triple bonds in the aliphatic chains are neglected.

(vi)  Carbonyl groups are positioned randomly on the aliphatic chains as ketones.

However, a-diketone arrangements are avoided.

The positioning of functional groups on the carbon backbone is controlled by the following

rules:

(i) Quinone oxygens occur only in pairs, either ortho or para to each other.

(ii) Phenolic OH, methoxyl and aromatic carboxyls are randomly assigned to aromatic
carbons not occupied by aliphatic chains or quinone oxygens.

(iiify  Alcoholic OH and the remaining carboxyls are assigned to random positions on
aliphatic side chains. Two restrictions are, however, observed: (a) Not more than two
groups may be assigned to a methyl carbon and (b) B-keto acid arrangements are

avoided.

Output from the model is average binding site concentrations, expressed as mol.g™ organic

matter. Site concentrations in mol.dm™ for input into a chemical equilibrium model is
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determined from the average binding site concentrations and organic matter content, in g.dm™.

This approach allows metal complexation by DOM to be easily incorporated into the chemical
equilibrium modelling framework. The incorporation of this approach into the chemical
equilibrium modelling framework is a two-step process. First, RANDOM is executed to
provide concentration estimates for the selected binding sites. Second, these discrete binding
sites are included as input for the speciation programme. The database employed contains
thermodynamic data (log K’s) for reactions between the binding sites and cations. Thus, the
amount of cation complexed to all the ligands used as model compounds for binding sites on

humic material estimates the amount of cations complexed by humic materials.
1.4.2 Accounting for adsorption processes at the solid-solution interface

The Surface Complexation Model (SCM), pioneered by the Stumm and Schindler school (for
recent reviews, see Schindler and Stumm, 1987; Schindler, 1991) provides a useful framework
for the discussion of adsorption processes. In this approach, adsorption of cations is viewed
as taking place at specific sites and the coordinating surface functional groups are viewed as
complexant ligands. The advantage of this approach is that adsorption reactions may be
easily incorporated into the thermodynamic framework, discussed in paragraph 1.3, for

e -

aqueous phase complexation.

The fundamental chemical interactions between solutes and the surface groups are given

below:
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Hydrolysis (Acid-base)

=SOH," »=SOH +H* .................. ... .. .. S (1.10)

=SOH »=SO + H* ...t R (1.11)
Complexation

=SOH + M™ »=SOM®™Y* + H* ... ... ... .. ... ... (1.12)

2=SOH + M™ = (=SO),M®2* + 2H* . ... ...................(1.13)

Ligand exchange
sSOH+Le=SL+OH ........ ... .. . (1.14)
ZESOH + L e (=S),L+20H ... (1.15)
Ternary complexes |
Type A (metal sandwiched between surface and ligand)
=SOH + M™ + jL »=SOML, + H* (116)
Type B (Ligand exchange at surface takes place first, metal binds to adsorbed ligand)

=SOH + L+ M™ w=SOLM + OH' . ... . ouvveiineeeennn, (1.17)

In principle, equilibrium or adsorption constants for each of the above reactions can be
obtained experimentally. These constants are conditional constants which, apart from
dependence on temperature, pressure and ionic strength, also exhibits a dependence on the
degree of surface coverage. Factors that could contribute to the observed dependence include
(a) the existence of a surface potential, (b) lateral interactions between adsorbed species and
(c) surface heterogeneity. Most efforts to account for the surface coverage dependency of

adsorption constants focuses on the effect of the surface potential.
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The overall change in Gibbs free energy during an adsorption reaction, AG,y,, is the sum of
the change in Gibbs free energy due to specific chemical interactions and that due to
electrostatic interactions. The change in free energy arising from specific chemical

interactions, AG,,, is independent of surface charge. The free energy change arising from

I

electrostatic effects, AG_,, is dependent on surface charge. The overall change in Gibbs free

coul?

energy in the system is given by

AGu = AGy + AGoy « v v, (1.18)

It should be noted that this separation of AG,, into its constituent parts is not experimentally
possible (Westall, 1987). It is, however, theoretically convenient to perform this separation,

as will be seen below.

AG,, is related to the surface potential. By considering the work performed when

transporting charges through a potential field, an expression for AG_,,, may be derived. We

coul

have
coul
where

F = Faraday’s constant (96485 C.mol™)

AZ = change in charge of surface species due to the sorption reaction

W, = surface potential

Thus, the expression for AG,,, becomes

AG = AG +AZF¥ .. ... ... (1.20)
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Now, from
AG =-RT Ln K

where R = Gas constant, T = temperature in K, an expression for the intrinsic equilibrium

constant K,,, is obtained:

From the last equation it is clear that W, the surface potential, is required. However, it is a
general result that W, is not experimentally accessible (Hiemenz, 1986). Therefore, ¥, is
calculated by employing a model which gives the relationship between surface charge and

potential. This aspect is discussed in the next paragraph.

1.4.3 Models of the solid/solution interface

Several models relating surface charge to surface potential are available. Although these
models differ from each other in terms of the surface species postulated or the exact location
where adsorption occurs, they are all related to the Gouy-Chapman-Stern theory of the
electrical double layer (see Westall and Hohl, 1980; Stumm and Schindler, 1987; Westall,
1987). A thorough discussion on the underlying Gouy-Chapman theory of the double layer

can be found in Hiemenz (1986).

Models commonly used for relating surface charge to surface potential are (i) the Constant
Capacitance (CC) model, (ii) the Diffuse Double Layer (DDL) model and (iii) the Triple

Layer (TL) model. The way in which the models view the structure of the double layer is ~
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illustrated in Figures 1.2 and 1.3.

For the CC model, surface charge is related to surface potential through

Surface charge o, results because of specifically adsorbed ions. These ions experience a
potential W,. All non-specifically adsorbed counter ions are excluded from the "0" layer.
In the application of the CC model, the capacitance term, C, is treated as an adjustable

parameter.

The DDL model relates surface charge to surface potential through

! ZW F
= T T i .
o, = (8RTee,c10%) 7sinh( °T ) (1.23)
This equation simplifies to
! ZU F
= - Y .
o, = (8RTee,c10%)7( °T) (1.24)

for W, < 25mV because the hyperbolic sine function may be approximated by (F¥/2RT) at
such low values of W,,. Here the assumption is also made that surface charge o, results from

ions specifically adsorbed on the surface. These ions are subjected to a potential W,

The TL model (Davis et al., 1978) differs from the CC and DDL models in that it assumes
regions of different dielectric constants and capacitances in close proximity to the surface, as

shown in Figure 1.3.



1-19

'CONSTANT CAPACITANCE MOCEL

DIFFUSE LAYER MODEL

Figure 1.2 Sc.hematic representation of the surface charge/potential relationships used in the
constant capacitance and diffuse double layer models (Allison et al., 1991).
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Figure 1.3 Schematic representation of surface species and charge/potential relationships in
the triple layer model (Allison et al., 1991).
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The surface is denoted as the "0" plane, the inner layer or Inner Helmholz Plane (IHP) by "#"
and the outer layer or Outer Helmholz Plane (OHP) by "d". The region between the surface
and the IHP is characterized by a capacitance C, while the region between the IHP and OHP
is characterized by a capacitance C,. The boundaries of each of these regions or planes have
a different charge distribution, o, and potential ¥. The surface is characterized by charge o,
and ‘I"o, the inner layer by oz and Wy and the outer layer by o4 and ¥,. Furthermore, the
model assumes that only H* and OH" ions enters the innermost layer and contribute to o, and

experiences W,. All other interactions between solute and surface is confined to the f§ - plane.

Charge - potential relationships for the TL model are given by

o, =C, (¥, - qlﬁ) ................... (1.25)
o, = (:1(11!'3 -¥) + (,'2(11!'3 W) e (1.26)
o, = C(¥, - tpﬁ) ........... e (1.27)

These models of the solid/solution interface have been reviewed by Westall and Hohl (1980).
They showed that each of the available models of the solid/solution interface is capable of
describing mateﬁal balance data well. A major difference amongst the models are the number
of adjustable parameters required by each model to describe experimental data. Of the
models discussed, the DDL model has the smallest number of adjustable parameters. The TL
model uses capacitances for the regions between the surface and the IHP and the IHP and

OHP, together with adsorption constants for electrolyte adsorption as adjustable parameters.
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In the present work, the DDL model of the solid/solution interface is used in all instances
where ¥, is needed. That is, the adsorption data obtained for §-MnO,, which are reported
in Chapters 2, 3 and 4, are interpreted using the surface complexation and diffuse double

layer models.

The major criticism levelled against the DDL model is that it fails to describe electrokinetic
data. More specifically, surface potentials calculated with the DDL model aré typically higher
than zeta potentials obtained from electrophoretic studies (Dzombak and Morel, 1990).
However, Dzombak and Morel illustrates that the DDL model may be used to fit zeta
potential data by specifying the location of the shear plane as a function of solution

conditions.

The purpose of the model should also be kept in mind. In the present work, the purpose of
the model is to describe material balance data in order to obtain parameters useful in the
modelling of adsorption processes. There are many uncertainties involved in this. To
minimize uncertainty, the simplest possible model which describes experimental data
adequately should be used. In the present case, it is the DDL model. Furthermore, by
employing the DDL model for the interpretéltion of MnO, adsorption data, a. significant step
forward in the modelling of adsorption processes can be made since the MnO, data set can
be used in conjunction with the HFO data set of Dzombak and Morel, thereby enabling the

incorporation of more than one solid phase in our models.

The preceding may be summarized as follows:

(i) A surface complexation model is used to model adsorption reactions.



(i1)
(iii)
(iv)

™

(vi)

(vii)

1.5
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Adsorption constants exhibit a surface coverage dependency.
The surface coverage dependency is ascribed solely to electrostatic effects.
Electrostatic effects are taken into account by calculat_ing the change in Gibbs free
energy due to moving charges through a potential field arising from the charged
surface. |
Surface potential is calculated using the Diffuse Double Layer model.
By combining equations 1.23 and 1.21 an expression for adsorption constant
incorporating the dependence on surface potential/charge is obtained.
the expression for the adsorption constant and the reactions depicted in equations 1.10
to 1.17 thus allows the inclusion of adsorption processes in the general equilibrium

framework of equation 1.6.

Chemical equilibrium modelling data requirements

From the preceding discussion it is clear that in order to set up a chemical equilibrium model

of a system, the following information is required:

(2)
(b

(©)

(d)

the total concentrations of the components constituting the system to be modelled
chemical reactions that take place in the system under investigation (a chemical
reaction is known once we know the identities and amounts of components
participating in the reaction),

parameters defining the state of the system, such as pH, temperature, ionic strength
and redox potential.

the equilibrium constants for each of these chemical reactions,
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Data required under points (a), (b) and (c) are problem and site specific, i.e. the reactions
included in the model will depend on the analytical data available (i.e. components for which
total concentrations are available) and parameters such as pH and redox potential will vary
from site to site. These must be determined for the specific soil sample that is to be

modelled.

Data required under point (d) warrants further discussion. In the case of aqueous phase
reactions, data are available from compilations of thermodynamic data, such as NIST (1989),
JESS (May and Murray, 1991a,b) and MINTEQAZ2 (Allison et al, 1991). These data are
universally applicable, i.e. once a thermodynamic database has been established, it may be
used for several different applications (this is not strictly true since procedures to correct

constants to different sets of conditions may only be applicable over limited ranges).

In the case of adsorption processes, adsorption constaﬁts describing the sorption of metals by
the phases are needed. This is problematic because, contrary to the situation for solution
phase equilibria, extensive compilations of sorption data for metal sorption by important soil
solid phases are not available. To compound the problem further,bsorption constants are also
expressed using the different models of the surface discussed in the previous paragraph.
These models are based on the same concepts but they assume different physical-chemical
configurations for ions sorbed at the mineral/water interface. As a result, the various models
employ somewhat different parameters and the parameters that are common among the
models are not directly comparable (Dzombak and Hayes, 1992). Thus, sorption constants
expressed in terms of different models are not interconvertible. The net result of this is that

the consideration of surface complexation in chemical equilibrium modelling of natural -
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systems has been impeded by the lack of sorption data. In an attempt to overcome some of
these problems, Dzombak and Morel (1990) published a consistent set of Diffuse Double
Layer adsorption constants for sorption by Hydrous Ferric Oxides. This compilation of data
has been included in the MINTEQAZ2 (Allison et al., 1991) speciation programme. However,

for other important phases, such as MnO,, no consistent set of adsorption constants are

available.

The importance of manganese dioxide, in particular -MnO,, in the scavenging of metals in
natural systems has been postulated by a number of workers (Morgan and Stumm, 1964,
McKenzie, 1989; Onuki, 1990). However, to date, few studies aimed at measuring surface
complexation constants for this solid have been reported. Catts and Langmuir (1986)
measured Triple Layer constants for Cu, Pb and Zn by 8-MnO, while Fu et al (1991)
measured Triple Layer constants for Cd and Cu by 8-MnO,. Smith and Jenne (1991)
reworked some published adsorption data and published a set of Triple Layer adsorption
constants for the adsorption of a number of metals by manganese and iron oxides. However,
no Diffuse Double Layer adsorption constants for metal sorption by manganese dioxide have
been published to date. Because of this, it is not possible to include sorption by both
Hydrous Ferric Oxide and 8-MnO, in an equilibrium model to predict metal partitioning in

soils.

1.6 Aims and objectives

The aims of this work is thus the expansion of the available adsorption constant data base so

that chemical equilibrium models of soil systems can be developed which are more complete -
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in terms of important soil sorption phases included.

The objectives of this work may be stated as:

() measurement of adsorption constants for Ni, Cu, Zn, Cd and Pb sorption by 6-MnO,,

(i) - elucidation of the surface chemistry of 8-MnQO,,

(iili)  assessment of the applicability of the surface complexation approach to describe
sorption data

(iv)  predicting the partitioning of Ni, Cu, Zn, Cd and Pb over the solid/solution interface

in a number of soils collected in the Netherlands.

In the chapters that follow, the approach followed in this endeavour is outlined. Chapters 2,
3 and 4 describe the potentiometric determination of surface complexation parameters for 6-
MnO,. Chapter 5 discusses the construction of a chemical equilibrium model to predict metal
partitioning‘ on a number of field soils. The modelling results are presented in chapter 6 while

chapter 7 contains concluding remarks.
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Chapter 2 A surface protonation model for 5-MnO,

This chapter describes the protonation study carried out to determine surface acid/base
parameters for 6-MnQ,. The preparation, characterization and potentiometric procedure is
discussed. Experimental results are shown and the reproducibility obtained is discussed.

Consideration is then given to the determination of surface protonation constants.
21  Materials and methods

All reagents were used from the container without further puriﬁcation; KOH (0.1 M) and
HNO_,; (6.1_M) were prepared from Merck Titrisol ampoules with boiled-out glass. distilled
water. The 0.1_ M KOH and 0.5 M KNO, (Merck GR) background eléctrolyte solution Were
prepared using boiled-out glass distilled water in a glove box under N, atmosphere. }KOH
solutions were stored in N, flushed polyethylene bottles fitted with Metrohm glass transfer
units and self-indicating "Carbosorb" CO, traps. Reagent storage bottles were attached to

Metrohm Dosimat exchange units. At no point were these reagents exposed to air.

KOH and HNO, was standardized against potassium hydrogenphthalate and sodium

tetraborate respectively (Vogel, 1981).
2.1.1 Preparation of MnO,

Manganese dioxide was .prepared according to the "redox" method suggested by Stroes-

Gascoyne et al. (1987). Manganese dioxide forms according to the reaction
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3Mn* + 2MnO, + 2H,0 « 5MnO, + 4H*.

8-MnO, was prepared by dissolving 5.2 g Mn(NO3)2.4H20 (SAARCHEM, AR) in 900 cm®
deionized, glass-distilled water. To this, a 100 cm® premixed solution of 2.2 g KMnO, (May
and Baker) and 1.6 g KOH (SAARCHEM, AR) was added from a fast dripping burette. A
dark brown to black precipitate formed immediately. The solution was stirred continuously
during the addition. Stirring of the covered solution was continued for one hour. Sfirring'
was’ discontinﬁed and the suspension was allowed to séttle out (ca. 30 minutes). Excess

supernatant was removed by suction.

The concentrated suspension was transferred to glass centrifuge tubes and centrifuged for 20
minutes. The supernatant was decanted, distilled water was added to the tube and the solid
was resuspended by shaking tﬁe tube. After each decantation the conductivity of the
supernatant was measured apd,compare_:d with that of a 1x10* M KNO, solution. After four
cycles of washing and centrifuging a conductivity of twice the 1x10* M KNO, éolution was
obtained. However, at this stage the background électrolyte level was so low that the
suspension stayed in a dispersed state even after prolonged centrifuging. The washed
suspension was transferred to a round bottom flask and the volume was made up to 1000 dm?
with distilled water. The conductivity of thé suspension was approximately a factor of four
lower than that measured for the 1x10* M KNO, solution. The suspension was stored in a
stoppered round bottom flask with constant stirring, using a Teflon coated magnetic stirrer

bar.

The concentration of 8-MnO, solid was determined by transferring six 20.0 cm? aliquots of

suspension into six pre-weighed glass vials. Supernatant was removed by drying in a vacuum
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oven at 90°C for 48 hours. The vials were removed and transferred into a desiccator
containing silica gel as desiccant. The vials containing the dried solid were weighed again
~ and the difference in mass yielded the amount of solid present in a 20.0 cm’ aliquot of

suspension. A solids concentration of 1.75 + 0.0082 g.dm™ was obtained.
2.1.2 Characterization of MnO,

Brunauer-Emmet-Teller (BET) analysis of N, sorption data and X-Ray Diffraction analysis
were employed to characterize the MnO, sample. The results obtained from each technique

are summarized below.
2.1.2(a) Brunauer-Emmet-Teller (BET) surface area determination

BET surface area determinations were carried by the Department of Chemical Engineering
of the University of Cape Town. Samples submitted fér BET analysis were dried beforehand
in a vacuum oven at 90°C for 48 hours and homogenized using an agate mortar and pestle.
Prior to BET analysis, samples were outgassed at 120°C for 12 hours. BET analysis of N,
adsorption data yielded a surface area of 531 m?g"'. This corresponds well with values
reported by other workers (Fu et al., 1991; Catts and Langmuir, 1986). It is also in the range
found by Stroes-Gascoyne using copper adsorption maxima data (Stroes-Gascoyne ef al.,

1987).

The gas adsorption isotherms (c.f. Figure 2.1) obtained showed marked hysteresis and

corresponded to a Type IV isotherm according to the IUPAC isotherm classification system



N
8

Volume adsorbed (cc/g STP)
A N
z 2

8

(S

01 02 03 04 05 06 07 08 09 1
Relative pressure (P/P0)

o

Figure 2.1 Example of a typical Ny(g) adSorption isotherm obtained for 8-MnO,.

(Sing, 1985). This type of isotherm is associated with capillary condenéation taking place in
mesopores, that is, pores ranging from 2 nm to 50 nm in width (Sing, 1985). The idea that

8-MnO, is a porous solid has been put forward by a number of workers (Manceau, 1992a,b).
2.1.2(b) X-Ray Diffraction (XRD) analysis

Manganese dioxide suspension was dried for 48 hours at 90°C in a vacuum oven. The dried
solid was ground to a powder using an agate mortar and pestle. XRD analysis was carried
out using CuKa radiation (A = 1.542 A) on a Philips diffractometer. The resulting XRD
pattern is shown in Figure 2.2. The pattern is indicative of an amorphous solid. The peaks

at d=2.44 A and d=1.44 A are indicative of 8-MnO, (McKenzie, 1989).
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Figure 2.2 X-Ray diffraction pattern for the manganese dioxide used in this study.

2.1.3 Measuring [H']

Hydrogen ion concentration was measured:using a glass electrode and a calomel reference
electrode (Metrohm). A common deficiency in reported equilibrium constant determination
studies is. the improper calibration of the pH meter (May ef al., 1982; Martell et al., 1988).
Tﬁis_ stems from a failure to appreciate that pH (or ,hydrogen ion activity) cannot be measured
explicitly. In studies aimed at measuring equilibrium constants, the variable of interest is

hydrogen ion concentration, [H*], instead of hydrogen ion activity.

Hydrogen ion concentration is calculated from EMF readings using the Nernst equation:



E=E®™ — sLog[H"| +~ " rvrrorrrere (2.1)

where E®™™' and s are the electrode intercept and slope respectively. The parameter E<™'
incorporates electrode potentials, liquid junction potential effects and activity coefficients.
In order to measure [H*] accurately, a thorough electrode calibration regime should be
followed to obtain values for E**' and electrode slope s. Three approaches are possible.
First, the EMF values measured in two or three standard buffer solutions may be plotted
against buffer pH. From this curve the slope s may be calculated and E®™' may be obtained
by extrapolating the curve to pH of zero. However, this procedure is inappropriate because

of the difference in buffer and test solution ionic strengths.

Second, a strong acid - strong base titration may be carried out at the ionic strength of the
test solution. Ibg[H*] can be calculated from the proton mass-baiance and the slope s can
be taken as the Nernstian value of 59.16. Extrapolation of the resulting straight line to
-Log[H*] zero then yields the value for E®™. This method suffers from the following
limitations (Linder et al., 1984):

i) small errors in poorly buffered solutions become very significant,

(ii) glass electrodes do not behave well in alkaline regions because they are

somewhat sensitive to alkaline metal ions, and

(iii)  at low pH acid effects upon liquid junction potentials becomes significant.

Limitations (ii) and (iii) are usually included in the value of E®™ by making the assumption
that these effects stay constant. Limitation (i) is illustrated in Figure 2.3, which shows a plot

of measured and calculated EMF values, in millivolt, against -Log[H*], which was obtained
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by solving the proton mass-balance at each titration point of a strong acid - strong base
'titration. The points denoted by O represent EMF values which were calculated by_ the Nemst
equation with the value for E*™ determined by extrapolating to -Log[H'] = O and the
Nernstian slope of 59.16. The points denoted by + show EMF values measured during the
course of the titration. It is obvious that Nernstian behaviour is observed only in very limited
ranges of [H'] (-Log[H'] = 2 to 3 and -Log[H'] > 11). A more appropriate calibration
procedure would be oﬁe which provides usable titration points in the Lng[ﬁ*] region of 3 to

11 in which most titrations are performed.
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Figure 2.3 Theoretical (OJ) and measured (+) EMF values for a strong acid - strong base
titration as a function of -Log[H*], calculated from the proton mass-balance.

This may be accomplished by titrating a known concentration of a weak acid or base at the
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ionic strength of the test system. This method overcomes liquid junction effects arising from

differences in ionic strength between the calibration and test solutions and it provides a wider

buffered region and thus usable titration points in the -Log[H*] range 3 to 11.

The calibration procedure followed in this work consisted of 2 steps. First, the Nernstian
behaviour of the glass electrode was checked using three buffer solutions (Radiometer buffers
4.01, 7.00 and 9.18). EMF was plotted against buffer pH. A deviation of less than 5% from
the theoretical Nernstian value was deemed to be acceptable. Second, a known amount of
glycine was weighed out into a titration vessel and dissolved in 20.0 cm® 0.1 M KNO,. The
solution was titrated with a standardized 0.1 M KOH solution containing 0.1 M KNO,.
Titration data, which consisted of volumé of titrant (cm’) and EMF readings (millivolt) were
used as input into ESTA (May et al. 1985; 1988), a programme which allows tﬁe
simultaneous determinétion of equilibrium constants and electrode parameters. From the
titration data collected, glycine protonation constants and electrode intercept, E®™, were
determined. The theoretical Nernstian slope of 59.16 mV/pH was used. The agreement
between glycine protonatioh constants determined here and those published in the literature
(NIST, 1989) were taken as a measure to assess the quality of the electrode parameters. For
all calibration titrations, differences in the o:rder of 0.05 log units for Log B’s were obtained.
Titrations were carried out in duplicate or until the difference in E®™* calculated from the

different titrations were less than 0.2 mV.

Due to the fact that this calibration procedure is time consuming, a single point calibration
was also performed at the time of electrode calibration. This consisted of measuring the EMF

of a 0.1 M HNO; solution at 25°C containing 0.1 M KNO,. This single point calibration
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point is denoted as E,_,*.

This exercise was repeated before each subsequent titration to
obtain E,;,"* which was then used to adjust E_,*™ to yield E,,,”™". Implicitly the assumption

is made here that the electrode response to change in [H*] (i.e. the slope) remains constant.
2.1.4 Assessing the influence of the suspension effect

The suspension effect rgfers to the difference in pH observed between a suspension and its
supernatant (Jenny, 1950; Bates, 1964). This effect implies that accurate [H*] determination
is not possible in a suspension. The presence of this effect was assessed using the method
used by Jenny to illustrate it. EMF was measured with the electrodes in the suspension under
constant stifring. Stirring was discontinued and the suspension allowed to settle out. The
electrodes were lifted so that they wére in contact only with the supernatant. A drop in EMF
of approximately 0.4 mV was observed. HoWever, this drop corresponds well with the 0.6
mYV drop observed in an 0.1 M HNO, solution upon discontinuation of stirring. The same
result was obtained after the addition of 1 cm® 0.1 M KOH to the suspension, indicating that
the effect is also not observable at high pH. It may thus be concluded that no evidence of

the suspension effect was found.
2.1.5 Alkalimetric titration of 5-MnO,

20.0 cm’® aliquots of the 6-MnO, suspension was transferred from the stock solution to a
jacketed Pyrex titration vessel using a calibrated pipette. Using a Metrohm Dosimat 665 auto
burette, 5.00 cm® 0.5 M KNO, background electrolyte was added to ensure a background

electrolyte concentration of 0.1 M. This resulted in an initial solids concentration of
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1.40 g.dm™. The system was allowed to reach thermal equilibrium at 25°C while being
continually stirred with a magnetic stirrer and Teflon coated stirrer bar. An inert atmosphere
in the titration vessel was ensured by a constant flow of pre-wetted, high purity nitrogen gas.
The gas was bubbled through a 50% KOH solution to remove CO, and Fiesser’s solution

(Vogel, 1989) to remove O,.

Once thermal equilibrium had been achieved, the suspension was titrated with standardized
potassium hydroxide (approximately 0.1 M) containing 0.1 M KNO,. KOH was added in
0.02 cm® increments using a computer controlled Metrohm Dosimat 665 Automatic burette.
An increment of base was added once EMF drift was less than 0.2 mV per 600 seconds or
vafter 1200 seconds (20 minutes), whichever condition was satisfied first. This condition is
| similar to that employed by other workers (Fu et al, 1991) but slower than that employed by
Catts and Langmuir '(1986), who employed an equilibration criterium of ApH < 0.0l/minﬁte
ér 2 minutes. Ronngren et al. (1994), in their studies of the surface reactions of sulphide
systems accepted an EMF drift of 0.6 mV/hour. EMF was monitored with a Radiometer

pHM 64 pH meter.

A ti;ration of 20.0 cm’ supernatant, collected over a 0.22 x membrane filter (Millipore) was

also performed under exactly the same conditions as for the suspension titrations.
2.2  Data Treatment

Experimental data consist of EMF readings (mV) and volume titrant (cm®) added to the

titration vessel. EMF readings were converted to pH through the Nernst equation (eq. 2.1),
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which rearranges to

- const
. E__L_ = Log[H™] < vvvvvrvnnenn (2.2)

Total hydrogen ion concentration, Ty, at each titration point was calculated using equation

2.3:

K
“,) (Coae?)*—) (23)

where

C,.q = molar concentration of acid

molar concentration of base .

volume of excess acid added at start of titration
V, = volume of suspension at start of titration

v; = volume acid added at each titration point

A dilution factor D, which takes into account concentration changes at each titration point

due to the volume change resulting from titrant addition was calculated according to

D o= 0 (2.4)

Serial data for Ty, log[H*] and D,, obtained from equations 2.2, 2.3 and 2.4 were used as

input data in the programme FITEQL version 3.1 (Herbelin and Westall, 1994). A detailed
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description of the application of FITEQL to the experimental data is given in paragraph 2.4.

23 Potentiometric results and discussion’

A typical alkalimetric titration curve obtained for the §-MnO, suspension is shown in Figure

2.4. On the same graph, an actual supernatant titration curve is compared with a theoretical

blank titration curve.
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Figure 2.4 Acid-base titration curves of 8-MnO, suspensions and an actual supernatant -
titration (CJ) compared with a theoretical blank titration (-).

Titrations usually took in the order of 16 hours to go to completion. The equilibrium criterion
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of AEMF=1.2 mV/hour was not satisfied at all points. The points concerned occurred mostly
in the region 6 < pH < 8. It was generally observed that the EMF reading drifted slowly
towards the more acidic region. This immediately ruled out a leaking burette tip since |

titrations were carried out with alkali.

A number of possible reasons may be forwarded for the observed drift. First, it may be that
- the proton exchange reaction is very slow and therefore not complete within 20 minutes. This
has Been postulated by other workers (Murray, 1974). Onada and de Bruyn (1966) and
Bérubé et al. (1967) provides evidence for a two-step process. According to these workers,
adsorption of protons consists of a fast, nearly instantaneous adsorption reaction followed by
a slo;x/ reaction. From their studies on proton and tritium exchange kinetics on. a-Fe,0,
(goethite) precipitates, they found that the slow step could take as long as ten days to reach
equilibrium. They ascribe the slow step to diffusion of the proton into or out of the solid
through an ordered (or goethite like) hydrated layer which exists between the aqueous phase
and the bulk goethite phase. However, in a similar study using TiO,, tritium exchange studies

did not support the diffusion mechanism postulated for goethite (Bérubé and de Bruyn, 1968).

Second, an interaction between the mangénese dioxide suspension and the glass and/or
reference electrode(s) may be occurring. It is known that adsorption at the electrode glass
membrane or at the reference electrode liquid junction will cause sluggish electrode response
(METROHM Monographs). This was examined by adding an aliquot of base té the
suspension at ionic strength of 0.1M without the electrodes present. Electrodes were kept in
a thermostatted vessel from which they were transferred to the titration vessel containing the

suspension. EMF was monitored for 3 minutes and electrodes were removed and inserted in
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the background electrolyte solution. The process was repeated after a few minutes and EMF
was monitored for 3 minutes. This was repe\ated a number of times. It was observed that the
EMF reading after each 3 minute monitoring event showed a drift towards the more acidic
region. Thus, it may be concluded that the drift is a result of processes occurring in the

system and not simply electrode effects.

Third, the observed drift may be caused by the dissolution of the 8-MnO, solid phase as pH
is increased. This, however, may be discounted based on results reported by Murray (1974),
who did not observe any Mn** release in samples with pH above 3.5. In a solution with pH
2.45, Mn”* release was observed only after approximately 200 hours. In the present titrations,
- the starting pH was in the region of 3. However, the system remained at this low pH for a
short time compared with the 200 hours needed for significant dissolution to occur and it is

therefore highly unlikely that any dissolution of the solid occurred.

The effect of the observed drift would manifest itself as a systematic error in the values of
calculated adsorption constants (Martell and Motekaitis, 1988). Since the drift here is towards
the more acidic region, it may be expected that calculated surface acidity constants will

underestimate the true values. The magnitude of this underestimation is, however, unknown.
The reproducibility achieved between the different titrations should also be discussed. Figure
2.5 shows the variability observed between the different titrations. The figure should be

interpreted as follows:

the Y-axis represents ApH, which is defined as pHrypgon; = PHiration» With i < j, while the X-
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axis represents Ty in mol.dm® A value of ApH < O indicates that titration i, at a
corresponding Ty, had a lower pH than titration j (or put differently, consumed more base
than titration j to reach a given pH). A value of ApH > 0 indicates that titration i had a
higher pH than titration j at a corresponding Ty (i.e titration i consumed less base than

titration j to reach a given pH).

From Figure 2.5 it is evident that (i) ApH increases with amount of base added, (ii) all
titrations, with the exception of titration 6, lie within 0.2 pH units of each other, (iii) titrations
5 and 6 required more base to reach a given pH than titration 4 and titration 8 required less
base than the other titrations to reach a given pH. There is no apparent pattern in the
observed variability. Murray (1974) noted that alkalimetric titrations of an aged sample of
8-MnO, needed approximately 10 - 15% less base to reach a given pH. The observation that
ApH involving titration 8 is negative indicates that for a given Ty, titration 8 had a higher pH
thaﬁ any of the other ti?rations. This observation may be indicative of a certain degree of
aging. However, the fact that ApH between titration 6 and titration 8 is more negative than
- ApH between titration 8 and titration 4 does not support this. Titration T8 was recorded 45
days after titration 6 and 60 days after titration 4. Thus, one would’ve expected the
difference between titration 4 and titration 8:to be larger than the differenée between titration
8 and titration 6. It may thus be concluded that the surface characteristi,cs of the solid did
not change over the period covered by this study. This result is similar to findings by Stroes-
Gascoyne et al. (1987) who found that a 8-MnO, sample prepared according to the redox

method did not change its surface characteristics, even after storage of four years.

Other possible reasons for the observed variability may be put forward. These include (a) non-
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Figure 2.5 Variability observed for base titrations of 8-MnO,.

uniform intervals between addition of successive titrant increments and (b) variability ih the
amount of suspension transferred to the titration vessel titration. Reason (a) may be
discounted since all titrations followed the same time profile. Regson (b)‘ is a strong
candidate, although the determination of solids concéntration showed that, for 6

determinations, a coefficient of variation of less than 1% was obtained.

With the data available here, it is not possible to determine the cause(s) of the observed
variability amongst the alkalimetric titrations. It is also difficult to assess whether or not the
observed variability is similar to that observed by other workers since it is not usually
mentioned or discussed in papers. However, an estimate of reproducibility may be obtained

from potentiometric determinations of the Point of Zero Charge (PZC) for -MnO,. This may



2-17

be explained as follows. PZC determinations using potentiometry consists of a series of
alkalimetric or acidimetric titrations being performed at different background electrolyte
concentrations. Under ideal conditions, such as a fully indifferent electrolyte, no hysteresis
and constant surface composition etc., a sharp common intersection point should be observed
which is then identified as the PZC (Lyklema, 1991). However, workers who have used this
technique to determine the PZC for manganese dioxide reported values with a 0.2 to 0.3 log
unit error estimate. Morgan and Stumm (1964) found a PZC of 2.8 * 0.3; Catts and
Langmuir (1986) obtained a value of 2.3 * 0.2 and Balistriery and Murray (1982) found the
PZC to be 1.5 £ 0.2. If the reported PZC’s are interpreted as being average values * one
standard deviation, they may serve as an indication that variability in.the order of 0.2 to 0.3

pH units was observed.

These results are similar to results obtained by Bérubé and de Bruyn (1968), in their
investigation of adsorption at the rutile/sdlution interface. They observed a variability of
approximately 10% in measurements made under identical conditions but on different samples
of rutile precipitate. Furthermore, they found a variability in the PZC determined for this
solid in the order of 0.1 pH units. All these facts taken together suggest that the variability

observed in the current work is similar to that which had been observed by other workers.

Surface charge density was determined by calculating the difference in [H*] between the
supernatant and suspension titration curves for a given Ty. The true and theoretical blank
titrations correspond closely (c.f. Figure 2.4). The discrepancies that do exist between the
curves may be a result of the non-ideal behaviour of glass electrodes in poorly buffered

solutions, as shown in Figure 2.3 or the presence of carbonate in the supernatant. However,
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in the light of the variability observed for the suspension titrations, it was decided that the
agreement between the theoretical blank and actual blank titrations was close enough to

approximate the supernatant titration curve by the theoretical expression

K
T, =[H" = e o i (2.5)
, i [H ]supn,i
For the suspension, we can write
+ Kw + -
Ty = [H)ppi = ——— * [5SOH,] = [=SO7] ... ... (2.6)

[H +]susp,i

~

Equations (2.5) and (2.6) may now be combined to yield equation (2.7) and {[=SOH,"] -

[=SO]} may be calculated.

K K '
[=SO 7] - [=SOH,] = [H )., = ——r— = [H']pps * o - (27)
, [ +],gusp,i ' [H +]supn,i ‘

At high pH, it may be assumed that [=SOH,*] = 0. Thus, at high pH equation (2.8) may be
used to estimate the total concentration of titratable surface sites. The maxixhum titratable
surface site concentration as determined from equation (2.7) is 4.1x10> mol.dm™ at pH 11

(see Figure 2.6).

This corresponds to a site density of roughly 6 sites.nm?, which falls within the range
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Figure 2.6 Maximum binding site concentration as calculated with equation 2.7 using data

commonly reported for hydroxides (Schindler and Stumm, 1987). The value is slightly lower

than the 8.1 reported by Fu ef al. (1991) and substantially lower than the values of 18 to 21

obtained from tritium exchange studies (Balistriery and Murray, 1982; Catts and Langmuir,

1986). This may be an indication that there are hydroxyl groups present which are accessible

in tritium exchange experiments but which are not titratable under the conditions (i.e. pH

range and equilibration times) employed in.the titration experiments.

At pH = 8, a value of -66uC.cm? was obtained for surface charge density (see Figure 2.7).

This is comparable with the value of -50uC.cm™ found by Catts and Langmuir at pH 8 and
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Figure 2.7 Charge density (4uC.cm™) vs pH from the three most reproducible alkalimetric
titrations.

[=0.1M. Other values available in the literature are:‘-35,uC.cm'2 (pH 8, 1=0.01M) reported

by Fu et al. (1991) and -40uC.cm (pH 8, 1=0.01M) by Catts and Langmuir (1986).

24 Surface protonation constant determination

Protonation constants were determined using the non-linear optimization programme FITEQL
version 3.1 (Herbelin and Westall, 1994). FITEQL is an iterative optimization programme
which allows the optimization of a number of specified parameters. The Goodness of Fit of
a given model is given by, WSOS/DF, which is the weighted sum of squares divided by the

degrees of freedom of the problem. WSOS/DF values between 0.1 and 20 is indicative of
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good agreement between model and experiment. Input data consisted of .(a) Total hydrogen
ion concentration (T,) in mol.dm?, (b) the logarithm of free hydrogen ion concentration,
log[H"], (c) dilution factors and (d) mass of solid in g.dm™. Parameters to be optimized were
adsorption constants and surface site concentration. In order to select the best model,
constants and binding site concentrations were determined on a titration by titration basis.
Once the best model was selected, best estimates for adsorption constants and binding site

concentrations were determined by lumping all titrations in one input file.

An important input parameter for FITEQL is the error estimates assumed for Log[H*] and T
since the value of the Goodness of Fit parameter and standard deviations of adsorption

constants depend on these estimates (Dzombak and Morel, 1990). In this study, it was

decided to use FITEQL’s default error estimates for Ty and Log{H*]. For Ty, FITEQL

assumes a relative error of 0.01 (i.e. 1%) and an absolute error of 10° M. For Log[H'], a

relative error of 0.023, which is equivalent to 0.01 pH unit, is assumed. The relative error

- assumed for Log[H*] may be criticised as being too srﬁall, especially seen in the light of the

variability observed between replicate titrations. However, it should be kept in mind that the
variability between replicate titrations does not reflect the accuracy of EMF readings (and
therefore [H']), but the precision. A bettef estimate or reflection of the accuracy may be
obtained from the electrode calibration procedure followed. As was shown in paragraph 2.1.3,
the excellent agreement (£0.05 log units) between glycine protonation constants determined
during the calibration procedure with published constants indicates that electrode parameters

are accurately known. There is thus little reason to doubt the accuracy of Log[H*].

Two reaction schemes were postulated in an attempt to explain experimental data. The first
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scheme assumed an ideal surface covered with chemically equivalent surface hydroxyl groups
(denoted by =XOH) and allowing the existence of three surface species, viz. =XOH, =XO
and =XOH,*. This is the classical single site 2 pK approach which has been applied to
sorption data by a number of workers (see e.g. Dzombak and Morel, 1990). The second
scheme evaluated took surface heterogeneity into account. It consisted of two types of
surface sites (denoted as =XOH and =YOH) and allowiﬁg six surface species viz. =XOH,

=XO’, =XOH,*, =YOH, =YO and =YOH," to form.

Model selection was based on (i) the value of the goodness of fit parameter WSOS/DF, (ii)
the standard deviations of calculated Log K’s, (iii) Ockham’s razor and (iv) visual comparison
of plotted modelling results with experimental data. Thus, the best model was one which
described experimental data best on (i) a statistical basis (as expressed by WSOS/DF) and (ii)
a visual basis (based on comparison of experimental and calculated titration curves), using

the smallest number of adjustable parameters to achieve the best fit.

2.5  Modelling results and discussion

2.5.1 Homogeneous surface assumption:

The first reaction scheme evaluated was

=XOH + H* = =XOH,*

=XOH = =XO" + H*
FITEQL failed to solve the mass balance equations for this model. Surface site concentration
[=XOH] and Log K for reaction =XOH + =XO" + H* converged but Log K for the

diprotonated surface species failed to converge. This failure to converge may be caused by
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the concentration of =XOH," being too small.

According to previous studies (Stumm and Morgan, 1964; Murray, 1974; Balistriery and
Murray, 1982; Catts and Langmuir, 1986; Stroes-Gascoyne et al., 1987; Zasoski and Burau,
1988; Fu et al., 1991), 8-MnO, has a PZC in the region of pH 1.5 to pH 3. This is support.ed
by Figure 2.6, which shows that the 8-MnO, used in this study‘is negatively charged at pH
values of approximately 3. This points to a PZC below 3. It may thus be deduced that
positively charged sites will be present at significant levels only at pH values close to or
below the PZC. No data points were collected below pH 3.2. Therefore, the present data set
cannot be used to calculate Log K for the species =XOH," since this species is not expected

to be present at significant levels in the pH range investigated.

Optimization was successful with the reaction =XOH + H*' « EXOHZ* discarded.
Optimization results are listed in Table 2.1. Figure 2.8 shows a comparison of experimental
and model results. The Goodness of Fit indicator, WSOS/DF and the visual comparison in
Figure 2.8 shows that this model is not successful in describing experimental data. The
binding site concentration of approximately 4.5 sites.nm™ determined by this model is also

lower than the 6 sites.nm™ obtained from Figure 2.6.

A direct comparison of results listed in Table 2.1 with literature values is not possible since
only two studies in which constants were determined could be identified from the open
literature. In these studies (Catts and Langmuir, 1986; Fu et al., 1991), the Triple Layer
Model was used to derive adsorption constants. However, Pretorius et al. (1996) recomputed

diffuse double layer constants from these publications. For the work published by Catts and
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Langmuir, Log K for the reaction =XOH «=XO" + H* was found to be -2.65 with a binding
site concentration of 3 site.nm™ (used BET surface area of 290m”g™). Similarly, for Fu et
al., values of -2.61 and 3 site.nm™ (used BET surface area of 296m’.g™) was obtained.
Goodness of Fit parameters were 100 and 91 respectively, using default FITEQL error
estimates. These results indicate that the Log K’s and fits. obtained are quite similar to that
obtained in this work. The discrepancy in binding site concentrations stems from the different
pH ranges employed by the different workers. The results obtained for the data of Catts and
Langmuir and Fu et al. also indicate that the homogeneous surface model is not appropriate
for the description of 8-MnO, alkalimetric titration data. Thus, modeiling experimental data

with a heterogeneous surface model was attempted.

Table 2.1 Proton sorption parameters as determined with the 1 site sorption model.
Parameter - Titration 4 Titration 5 Titration 6 Titration 8
Log K, (=XO) -2.37 -2.38 -2.36 -2.47
Orog K 0.013 0.013 . 0.013 0.013
[XOH](mol.g™) 2.465x10° 2.460x10° 2.452x10° 2.414x10°
Ojxo] 5.695x10° 5.729x10°¢ 6.016x10°¢ 5.767x10¢
Sites.nm™ 4.5 4.5 4.5 4.4
WSOS/DF 62.8 68.0 65.3 62.9
Data points 69 61 51 59
pH range 3.19-11.48 3.19-1047 3.20-10.08 3.20-10.43

2.5.2 Heterogeneous surface assumption:

The first reaction scheme investigated here consisted of 4 reactions:
=XOH + H* »=XOH,*

=XOH = =XO" + H*
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Figure 2.8 Comparison between calculated ([J) and experimental (+) protohétion 'results,
using the 1 site surface model.

=YOH + H* « =YOH,*

=YOH »=YO + H'
Hov;/ever, this model failed to converge. As in the case of the single site model with
diprotonated surface species, Log K fér -=-X‘OHZ+ failed to converge. Log K’s for the other
species stabilized as did the concentrations for =XOH and =YOH. The explanation for the

observed failure to converge is the same as that given in the homogeneous surface model.

The most successful reaction scheme was obtained by discarding the =XOH,* species from
the two site model. Optimization results for this model are summarized in Table 2.2. Figure

2.9 shows a comparison of model results with a typical experimental titration curve. The
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success of the multi-site model in describing experimental results is reflected in the low
WSOS/DF values obtained for all titrations. The visual comparison shown in Figure 2.9
endorses the low WSOS/DF values. This model calculates binding site densities as being
between 5.3 and 5.7 sites.nm 2. These values correspond closely to the site density 6 sites.nm™

calculated from alkalimetric titrations.

Application of the heterogeneous model to the data of Catts and Langmuir and of Fu et al.
was met with mixed success. The model did not converge on the data set of Fu er al.
However, with the constants fixed at the average values listed in Table 2.2 and optimizing
site concentrations, convergence was obtained. Total binding site concentratio»n of 4 sites.nm™
was obtained with WSOS/DF = 6. Applied to the data of Catts and Langmuir, the model
converged with Log K, = -1.36, Log K, = -5.10 and Log K, = 3.04, total binding site
concentration of 4 sites.nm? and WSOS/DF = 0.4. These results indicate that the
heterogeneous surface modél is a significant improvement over the homogeneous surface

model case.

The concept of different classes of surface hydroxyl groups has been proposed and illustrated
by a number of workers for a variety of solias (see for example: Contescu et al., 1993, 1994,
Schindler and Stumm, 1987; Barrow, 1993; Hiemstra et al., 1989; Rustad et al., 1996). The
explanations given are all based on the coordinative em?ironments of metal jons and surface
hydroxyl groups in hydrated surfaces. Surface hydroxyls may be present as bridging and
terminal groups and metal centres may be coordinated with two or more hydroxyls. Since
none of the studies mentioned were carried out on manganese dioxide, the results cannot be

presented as proof for the validity of the heterogeneous surface model proposed here. They
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Table 2.2 Proton sorption parameters as determined with the 2 site sorption model.

Two site model Titration 4 | Titration 5 | Titration 6 | Titration 8 Best
estimates

Log K, (=XO) -1.23 -1.20 -1.28 -1.34 -1.27
OLog K 0.031 0.035 0.037 0.035 0.017
Log K, (=YO) -6.42 -5.90 -5.75 -5.89 -5.99
OLog K 0.070 0.066 0.082 0.069 0.035
Log K, (=YOH,") 3.67 345 346 3.51 3.52
OLog K 0.055 0.065 0.075 0.071 0.033
[(XOH](mol.g?) 2338x10° | 2.231x10° | 2.259x10° | 2.186x10° | 2.231x10°
Ojxonj 1.637x10° | 1.751x10° | 2.142x10° | 1.866x10° | 9.067x10*¢
[YOH](mol.g") 7.821x10* | 7.735x10* | 7.386x10* | 7.464x10* | 7.656x10™
Ojvonj 1.937x10° | 1.709x10° | 2.000x10° | 1.797x10° | 9.102x10°
Sites.nm? 5.7 55 55 53 5.5
WSOS/DF 1.1 0.7 0.6 0.7 1.8
Data points 69 61 51 59 240
pH range 3.19-11.48 | 3.19-10.47 | 3.20-10.08 | 3.20-10.43 | 3.19-11.48

Binding sites belonging to different chemical classes may also be rationalized in terms of

what little information on the structure of 6-MnO, is available. Manceau et al. (1992a,b),

based on XANES and EXAFS studies, express the opinion that §-MnO, should be pictured

as a "3-D (O,0H) framework where cubic and hexagonal close-packing arrangements alternate

at random and where octahedral sites are randomly filled, but where two adjacent Mn(O,0OH),

octahedra cannot share faces". According to these workers, the 8-MnO, structure "probably

consists of a mosaic of single and multiple octahedral chains having variable length and

width". They provide evidence which links the 8-MnO, structure with the Todorokite tunnel

structure.

Thus, on the basis of this proposed structure, hydroxyl groups of differing



2-28

0.001

l..
g
¥a
Fy
[ ]

-0.004+

-0.005
3

_b-l
)]
ok
[(e 0

7 8 10 11

pH

Figure 2.9 Comparisori,between calculated (CJ) and experimental (+) protonation results,
using the 2-site surface model.

reactivity may be expected on the basis of cavities or tunnels, close packing of atoms and

surface defects.

A point which should be discussed is the Qalidity of optimizing site concentrations as well
as adsorption constants simultaneously. From a mathematical point of view, no objection to
this point can be made. However, to illustrate that the simultaneous optimization of
parameters does in fact provide the correct answer, the following procedure was followed.
A hypothetical surface consisting of two classes of binding sites was assumed. Surface
protonation constants and site concentrations were entered in MINTEQAZ2 and a alkalimetric

titration curve was synthesized. The alkalimetric curve was used as input in FITEQL and
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adsorption constants and binding site concentrations were simultaneously determined. Results

are listed in Table 2.3.

The results indicate that the optimization procedure was successful in determining the
parameters which were used to synthesize the data set. A discrepancy does exist between the
"known" constants and the optimized values. However, seen in the light of factors such as
numerical inaccuracy and loss of significance figures in the two calculation steps which were

involved, the result is satisfactory.

Table 2.3 Agreement between known and optimized values. Optimized values were obtained
by applying FITEQL to a data set synthesized by MINTEQAZ2 using the known parameter set.

Parameter Known values Optimized values
Log K, -1.90 | 179
| Log K, | -4.30 -4.19
Log K, 2.50 2.41
[XOH] (g/) 2.231x10° : 2.236x107
[YOH] (g/) 7.656x10™ 7.574x10"

Further evidence which supports the approach followed here is provided by results obtained
for the protonation properties of Hydrous Ferric Oxide (ﬁFO). Results listed in Appendix E
are in excellent agreement with the surface protonation constants determined by Dzombak and
Morel (1990). HFO surface site concentration is similar to values found by other workers,

as summarized by Dzombak and Morel.
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2.5.3 Binding site speciation

Surface speciation, as predicted by the heterogeneous surface model, is shown in Figure 2.10.

0.0035
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o 8 9o §
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11

Figure 2.10 Surface speciation as a function of pH as predicted by the 2-site 3-surface
species protonation model.

All species are present at levels of 25% or fligher of total site concentration. This provides
further confidence in the proposed model. The dominant site over the pH range investigated
is =XO". =YOH and =YOH," are the dominant second site species in the lower pH range.
=YO" becomes significant from pH 6 onwards. The relative abundance of site 1 over site 2

has probably led previous workers to postulate the existence of only one type of surface site.



2-31

2.6 Conclusion

The acid/base behaviour of 8-MnO, was investigated using potentiometric titrations. The
reproducibility achieved in these titrations is comparable to thét achieved by others, based on
reported errors in PZC determinations. The assumption of a surface consisting of sites of
equivalent chemical reactivity (classical homogeneous surface approach) failed to reproduce
the potentiometric data. Only by assuming a surface consisting of variable chemical reactivity
could the potentiometric results be explained. The existence of non-équivalent surface sites
is supported by data available for other solids as well as by (albeit limited) structural data for‘
6-MnO,. The possibility that the heterogeneous surface model is an artefact of experimental
error can be discounted since it was shown, by using a synthetic data set, that the modelling
procedure is capable of reproducing the parameters used to create the synthetic data set. The
successful determination of surface protonation parameters for Hydroué Ferric Oxide provides

further support for the experimental and modelling procedure employed in this work.

A test of the applicability of the proposed heterogeneous surface model will be its ability to
provide an interpretation of metal adsorption data consistent with the alkalimetric model. This

is described in the next section.
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Chapter 3  Adsorption of Ni, Cu, Zn, Cd and Pb by
6'Mn02

In this chapter, potentiometric results obtained from alkalimetric titrations of systems
consisting of 8-MnO, suspensions and metal ion are presented and discussed. Following this,
the determination of adsorption constants from the potentiometric results is presented and

discussed.
3.1  Experimental

Metal stock solutions were prepared using boiled out distilled water containing 0.5 r‘nol.dm'3

KNO, (Merck GR) background electrolyte, using the nitrate salts of nickel, copper, zinc, .

cadmium and lead (all Merck Pro Analysi). Stock solutions were standardized titrimetrically
against EDTA (Vogel, 1981). Stock solution concentrations are listed in Appendix C.
Solutions were transferred to polyethylene bottles connected to Dosimat exchange units fitted

with self indicating Carbosorb soda lime CO, trapé. The titration procedure followed

- consisted of adding 20.0cm® suspension to the titration vessel. This was followed by the

addition of 5.0cm® of the metal stock solution. The mixture was allowed to reach 25°C under
N, atmosphere and constant stirring. Addition of base was started as soon as the suspension

reached 25°C.

3.2 Potentiometric results and discussion

To illustrate that adsorption did indeed take place, typical titration curves obtained in the

presence and absence of each metal are shown in Figures 3.1 to 3.5.



3-2

-0.0025 -0.0015 -0.0005 0.0005

TH (molfl)

00045  -0.0035

Figure 3.1 Typical titration curves obtained in the absence ((J) and presence (+) of nickel.
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Figure 3.2 Typical titration curves obtained in the absence ((J) and presence (+) of copper.
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Figure 3.3 Typical titration curves obtained in the absence ([J) and presence 7(+) of zinc.
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Figure 3.4 Typical titration curves obtained in the absence ([J) and presence (+) of cadmium.
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Figure 3.5 Typical titration curves obtained in the absence ({J) and presence (+)7 of lead.

In the presence of metal, titration curves were displaced towards the more acidic region, in
other words the system consumed more base to reach a corresponding pH on the base titration
curve than in the absence of metal. The observed shift may be explained in terms of
competition between metal jons and protons for binding sites as well as the hydrolysis of
metal ions. The number of protons displaced per mole of metal added to the system, at pH
4 and pH 6, is shown in Table 3.1. The values shown are averages which were calculated‘

using all alkalimetric titration data collected in the presence and absence of metal ions.

Protoné liberated by the adsorption reaction are not only a result of the stoichiometry of the
adsorption reaction. Rather, it results from competition between metals and protons for
binding sites. The extent of this competition is influenced by the magnitude of the
equilibrium constant, or in other words, the magnitude of AG for the adsorption reaction,

compared with AG for protonation.
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Table 3.1. Displacement in titration curve with metal present from titration curve without

metal present.

Metal AT,/Ty @ pH 4 ATy/Ty @ pH 6
Ni 1.28 £ 0.13 1.34 £ 0.14
Cu 1.43 £ 0.12 1.64 = 0.12
Zn 1.10 £ 0.10 1.2 £ 0.1
Cd 0.85 £ 0.11 0.72 £ 0.09
Pb 1.31 £ 0.14 1.04 = 0.14

This in turn is influenced (or determined) by reaction enthalpy AH and the entropy term -TAS.
Therefore, to use protons liberated per metal ion added, or protons liberated per metal ion
adsorbed as an absolute measure of the stoichiometry of the adsorption process, is not strictly

valid.

The shift in titration curves do have a limiting value, which is equivalent to quantitative
complex formation. In this case, the number of protons released corresponds to the
composition of the complexes formed in the whole range of the titration curve (Beck and
Nagypdl, 1990). The number of protons released upon adsorption may be used as an
indication of the stoichiometry of the .dominant species at a given pH, but it should be

interpreted with care.

All titrations were carried out in triplicate. Figures 3.6 to 3.10 illustrate the degree of
reproducibility obtained for each metal. In these figures, ApH, defined as pHryy i-PHrym s

i < j, is plotted as a function of volume of base added.
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Figure 3.6 Variability observed for titrations of the Ni - 3-MnO, system as a function of
volume base added.
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Figure 3.7 Variability observed for titrations of the Cu - 8-MnO, system as a function of
volume of base added.
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Figure 3.8 Variability observed for titrations of the Zn - 8-MnO, system as a function of
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Figure 3.9 Variability observed for titrations of the Cd - 8-MnO, system as a function of

base added.
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Figure 3.10 Variability observed for titrations of the Pb - 8-MnQ, system as a function of
base added. '

The observed variability ranges from 0.1 to 0.2 pH units. An exception to this is zinc (Figure
3.8), where variability of up to 0.4 pH units is observed between titration 1 and the other two
zinc titrations. However, ignoring titration 1, variability drops to approximately 0.1 pH units.
Thus, the variability is of the same order as that observed in the protonation studies (Figure

2.5).

As was observed for titrations in Chapter 2, no underlying pattern in the variability is
apparent. In the case of cadmium (Figure 3.9), the sign of ApH is related to the time elapsed
between the start and end of the titrations. Although the same equilibrium criterion was used
for all titrations, titrations did not all prbceed according to the same time profile (i.e. time
elapsed between the start of the titration and point i). This is due to the fact that EMF drift

was not consistent in the different titrations.
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Titration 2 was faster than titration 1 by twenty minutes and titration 1 was faster than
titration 3 by ten minutes. The difference pHp,-pHp is pbsitive, which indicates that titration
3 consumed more base than titration 2. This is also observed for pHy,-pH. The difference
pHr,-pH, is negative, which indicates that titration 1 consumed more base that titration 2.
This suggests a trend of slower titrations consuming more base. However, this trend was not

observed for all metals.

For nickel (Figure 3.6), titration times could explain the sign of ApH in two instances (pHq,-
pH, and pH,-pHy,), but not pHy,-pHy,. For copper (Figure 3.7), titration 3 was the slowest.
This could explain the sign of ApH involving titration 3. However, titrations 1 and 2 took
exactly the same time to complete and followed the same time intervals throughout, but ApH
for these titrations is significant. ApH for titrations 1 and 3 is the smallest, which shows that
completion time (and therefore equilibration time) does not play a role. A similar result is
obtained for lead (Figure 3.10). The situation for zinc was not investigated since the titration

time profile was not monitored for this metal.

It may thus be stated that time to completion cannot be used to explain variability between
titrations. As before, it is not possible to make any statement regarding possible causes of
the variability observed between titrations. The results do, however, suggest that the observed
variability does not result from a systematic process but that a random or poorly reproducible

process is responsible.
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33 Adsorpti;)n constant determination

Metal adsorption constants were determined from the potentiometric titration data using
FITEQL (Herbelin and Westall, 1994). Adsorption constants were the only parameters which
were optimized. Total binding site concentration and protonation constants were fixed at the
values which were determined in the protonation study (Chapter 2). As with the protonation
study, model selection was performed on a "titration by titration" approach. Best estimates
for adsorption constants were obtained by using thé final model together with all titration

data. Error estimates used in the FITEQL optimizations are listed in Table 3.2.

Table 3.2 Error estimates used in metal adsorption model selection.

Parameter Relative Absolute (M)
Txon 0.0245 1x10°®
Tyou 0.0238 1x10°

Ty, 0.01 1x10¢
Ty 0.01 1x107
[HY] 10.023 -

Estimates for errors in binding site concentrations Ty,y and Ty, were obtained frofn the
standard deviations calculated by FITEQL in the protonation study (Table 2.2). FITEQL
defaults were used for Ty and [H*]. This choice has been discussed in the paragraph on
protonation constant determination (Chapter 2, paragraph 2.4). Error estimates for T, were
based on the standard deviations obtained for the standardization of metal stock solutions

(Appendix C).

The possible surface species which were considered are (a) =XOM®, (b) =YOM®,

(c) =XOMOH and (d) =YOMOH. These species are fundamental to the surface complexation
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model (Schindler and -Stumm, 198ﬁ. The existence of these species has not been proven
although evidence has been presented which suggests the formation of complexes similar to
those postulated here (Manceau et ql., 1992c; Chishqlm-Brause et al, 1990a and 1990b).
These surface species may thus be viewed as modelling constructs .whose only function is to
describe experimental data. Surface precipitation processes Qere not considered. Equilibrium
simulations of the experiméntal systems, excluding MnO,, indicated that, at the starting pH
of each titration, no positive saturation indices, which would be indicative of supersaturation,

were observed.

Surface species were then used in FITEQL to reproduce experimental data. The strategy
followed was a "bottom up" strategy, i.e. models were built from the most simple to more
complicated. Based on results obtained from the simple models, additional surface species

were postulated to improve the agreement between model and experiment.

Each model also included solution phase reactions.- These reactions consisted of metal
hydrolysis reactions as well as reactions between background electrolyte ions and metals. The
cc;nstants employed in the model were corrected to an ionic strength of 0.1 M, using
MINTEQAZ2 (Allison et al.,, 1991). Aqueous phase formation constants used are. listed in

Table 3.3.

Model selection was based on (i) the Goodnesé if Fit parameter WSOS/DF, (ii) Ockham’s
razor and (iii) visual comparison between plot of model and experimental data. The
procedure for model selection may be described as follows: in cases where exactly the same
number of surface species yielded different Goodness of Fit parameters, the model with the

lowest Goodness of Fit parameter was selected.
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Table 3.3. Solution phase species included in FITEQL calculations. All data are listed I=0.1M. Data source:
MINTEQA? database, corrected to required I using the Davies equation.

Dissociation of H,O
OH -13.78
Potassium and Nitrate interaction
KNO, -0.20
Nickel
NiNO,* 0.51
Ni(NO,), -0.01
NiOH* -9.79
Ni(OH), ‘ -19.01
Ni(OH), -29.89
Ni(OH),? -43.56
Ni,OH* -9.71
Ni (OH),* -25.97
Copper
CuNO,* 0.61
Cu(NO,), -0.44
CuOH* -7.39
Cu(OH), -16.21
Cu(OH), -26.79
Cu(OH),? -39.16
Cu,(OH),*” -9.92
Zinc
ZnNO;* 0.51
Zn(NO,), -0.31
ZnOH" -8.89
Zn(OH), -17.88
Zn(OH); -27.99
Zn(OH),? -40.06
Zn,OH" -8.01
Cadmium
CdNO,’ 0.61
Cd(NO,), 0.19
CdOH* -9.97
Cd(0OH), -20.37
Cd(OH); -33.19
Cd(OH),? -46.91
Cd,OH" -8.40
Cd (OH),** -31.08
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Table 3.3 continued

Lead
PbNO,* 1.28
Pb(NO,), 1.39
PbOH* -7.49
Pb(OH), -17.11
Pb(OH),* -27.99
Pb(OH),? -39.26
Pb,OH" -5.37
Pb,(OH)," -23.44
Pb,(OH),* -18.23
Pby(OH)g* -41.83

In cases where the addition of an extra adjustable parameter resulted in a small decrease in
the value of the Goodness of Fit parameter, a statistical test was used to evaluate whether the
decrease in fitting parameter was significant or not. The Goodness of Fit parameter
WSOS/DF calculated by FITEQL is a measure of the overall variance in the model or the
residuals. According to Hamilton (1965), the F-tést (or variance ratio test) may be employed
to test whether the difference in Goodness of Fit observed between two models is significant

or not. The F-test is defined as

where s, and sg are standard deviations for samples A and B. The value of F calculated from
equation 3.1 is now compared against values listed in F-tables (see for example CRC -
Handbook of Chemistry and Physics). If F, < Fr,., the two models do not differ

significantly from each other at the probability level which Frp,,, refers to. If the situation

is reversed, there is a significant difference between the models.

Other workers (Fu et al.,, 1991; Catts and Langmuir, 1986) who have studied metal

adsorption by 8-MnO, do not report on their model selection procedure. Herbelin and Westall
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(1994) state that values of the Goodness of Fit parameter WSOS/DF between 0.1 and 20

indicate good agreement between model and experiment, whereas WSOS/DF = 0 indicates

‘a model consisting of too many adjustable parameters.
33.1 [Resuits

Modelling results are discussed separately for each metal. The basic approach followed is

discussed fully for copper. For the other metals, a summary of results and some pertinent

remarks are presented.
3.3.1(a) Copper

The simplest model postulated is one in which all copper is adsorbed at the most acidic

surface site, site =XOH. This model (Model 1) consists of the following reaction scheme:

Model 1:

=XOH = =XO" + H* Log K, = -1.26
=YOH »=YO + H* Log K, = -5.99
=YOH + H* +=YOH,"* Log Ky = 3.52

=XOH + Cu** «=XOCu* + H* Log K,: determine

Results for Model 1 are listed in Table 3.4 and the agreement between model and experiment
is shown in Figure 3.11. This model is not successful in describing experimental data. The
Goodness of Fit parameter is not acceptable and the visual fit indicates that the model is not

capable of explaining experimental results above pH 3.2.



Table 3.4 Copper adsorption constant as determined by Model 1 for three titrations.
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Parameter Titration 1 Titration 2 Titration 3
Log K, * Oprog K -0.52 £ 0.077 -0.84 + 0.056 -0.74 £ 0.063
WSOS/DF 34.3 28.3 37.7
Data points 61 61 61
pH range 2.97 -9.80 297 - 9.85 298 -9.72

Figure 3.11 Comparison of an experimental ([J) titration curve, obtained in the presence of

copper, with a calculated (—) titration curve generated with Model 1.
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The model underpredictsi the amount of base required to attain a given pH value. In other
words, the model predicts a smaller base consumption than that observed experimentally. It
would therefore appear that account should be taken of other sources of'.:protons, eg. (i)
adsorption of Cu*? at site =YOH or (ii) adsorption of CuOH* at =XOH. From the speciation
diagram in Figure 2.10, =YOH and =YOH," are the major protonated species in the pH region
where the discrepancy between Model 1 and potentiometric data occurs. Thus, the second

model assessed consisted of the following reactions:

Model 2:

=XOH = =XO" + H* Log K, = -1.26
=YOH » =YO" + H* Log K, = -5.99
=YOH + H* « =YOH," Log K, = 3.52

=XOH + Cu** «»=XOCu' + H* Log K,: determine

=YOH + Cu* «»=YOCu* + H* Log K,: determine

Results are listed in Table 3.5 and the agreement between model and experiment is shown in

Figure 3.12.

The Goodness of Fit parameter calculated for Model 2 indicates a significant improvement
over Model 1. Figure 3.12, which shows a comparison between this model and experiment,
suppoﬁs this. Agreement between model and experiment extends over a wider pH range than
for model 1. The model explains experimental data up to a pH of approximately 4.5. In the
region 4.5 < pH < 5.8, the modelled curve drops below the experimental curve,

overestimating the amount of base needed to reach a given pH.
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Table 3.5 Copper adsorption constants as determined by Model 2 for three titrations.

Parameter Titration 1 Titration 2 Titration 3
Log K, £ Op.k -0.85 + 0.067 -0.93 + 0.057 -1.16 * 0.058
Log Ks * Opo, ¢ 0.46 + 0.056 0.082 * 0.059 0.34 * 0.045

WSOS/DF 6.5 5.4 6.8

Data points 61 61 61

pH range 297 - 9.80 297 - 9.85 298 -9.72

-0.005 T
3

pH

Figure 3.12 Comparison of an experimental ([J) titration curve, obtained in the presence of

copper, with a calculated (—) titration curve generated with Model 2.
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Above pH 5.8, the model crosses over the experimental curve and from approximately pH 6

to 6.5 underestimates the amount of base needed to reach a given pH.

The fit between model and experiment suggests, as before, that an additional proton
contributing surface species should be included. Species which qualify for consideration are
=YOCuOH and =XOCuOH. Species =YOCuOH was selected since the discrepancy beiween
model and experiment is above pH 6, a region where site =XOH may be expected to be fully
deprotonated (see Figure 2.10) and therefore adsorption at this site will not liberate any
further protons. From Figure 2.10 it is clear that =YOH and =YOH," are the dominant

protonated species at pH = 6. Thus, the following model was postulated:

Model 3:

=XOH « =XO" + H* Log K, = -1.26
=YOH = =YO" + H* Log K, = -5.99
=YOH + H* - =YOH,* Log Ky = 3.52
=XOH + Cu* «»=XOCu* + H* Log K,: determine
=YOH + Cuz* «=YOCu' + H* | Log K,: determine

=YOH + Cu* + H,0 «=YOCuOH + 2H' Log K;: determine

Results are summarized in Table 3.6 and Figure 3.13 compares the agreement between model

and experiment.

The results indicate that Model 3 is an improvement over Model 2. The Goodness of Fit

parameter’s value has decreased significantly.



Table 3.6 Copper adsorption constants as determined by Model 3 for three titrations.
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Parameter Titration 1 Titration 2 Titration 3
Log K, * OLogK -0.84 + 0.067 -0.93 + 0.057 -1.16 + 0.058
Log Ks £ 014« 0.46 + 0.056 0.076 + 0.059 0.33 + 0.045
Log K¢ * 0.k -3.84 £ 0.15 -4.47 + 0.16 -3.85 £ 0.15

WSOS/DF 0.8 0.6 0.8

Data points 61 61 61

pH range 2.97 - 9.80 297 -9.85 2.98 -9.72

0
§

-0.001+
— '0.002-I
=
Ie]

&
=

-0.0034

-0.004-

'0.005 T : T T T T T T T T -

3 5 7 8 9 10
pH

Figure 3.13 Comparison of an experimental (ED titration curve, obtained in the presence of

copper, with a calculated (—) titration curve generated with Model 3.
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The improved agreement between model and experiment is also evident in Figure 3.13.
Model 3 approximates experimental .r.esults well over the full p_H range investigated. .The fit
is not perfect, however. The model overpredicts the amount of base needed to reach pH
values of about 5. Some discrepancy also exists at the high pH end of the titration. In an
attempt to improve the agreement between model and experiment further, the species

=XOCuOH was included in the model. This yielded Model 4.

Model 4

=XOH = =XO" + H* Log K, = -1.26
=YOH +»=YO" + H* Log K, = -5.99
=YOH + H* = =YOH," Log K; = 3.52
=XOH + Cu* = =XOCu" + H* Log K,: determine
=YOH + Cu** = =YOCu' + H' Log K,: determine
=YOH + Cu® + H,0 = =YOCuOH + 2H* Log K,: determine
=XOH + Cuv** + H,0 «»=XOCuOH + 2H" Log K,: determine

Results for this model are shown in Table 3.7. Model and experiment are compared visually
in Figure 3.14. This model fits experimental results well over the whole pH range studied.
The discrepancy between model 3 and experiment in the pH range 4.75 to 6.3 has been
removed. Model 4 deviates from experimental results at pH > 9, where the model curve lies

above the experimental data.

A question which should be answered is whether the decrease brought about in the Goodness

of Fit parameter by the inclusion of =XOCuOH is significant or not.
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Table 3.7 Copper adsorption constants as determined by Model 4 for three titrations.

-- Parameter Titration 1 Titration 2 Titration 3 Best estimates

Log K, * Opppx | 124012 | -1.22+0.090 | -1.50 £0.12 | -1.31 + 0.062
Log Ks + Opoyx | 0087013 | -04220.13 | -0.096+0.12 | -0.20 + 0.074

Log K¢ * Oy | 420 £ 0.15 -4.80 * 0.16 -4.13 £ 0.15 | -4.37 +0.090
Log K; * Opopx | -2.86 £0.066 | -3.10 £ 0.074 | -3.07 £0.078 | -3.01 £ 0.041
WSOS/DF 0.3 0.1 0.4 0.5
Data points 61 61 61 183
pH range 2.97 - 9.80 297 - 9.85 298 -9.72 2.97 - 9.85

00041

-0.005 T
3

DA
(6)]
»
. .
@
©
-
o

Figure 3.14 Comparison of an experimental (OJ) titration curve, obtained in the presence of
copper, with a calculated (—) titration curve generated with Model 4.
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Using the F-test (eq. 3.1), values of F for each titration are:

Frimton: = 0.8/0.3 = 2.667,

Frimton2 = 0.6/0.1 = 4.286 and

Fritmton 3 = 0.8/0.4 = 2.000.
The models have 58 and 57 degrees of freedom respectively. At the 5% probability level,
F,05(60,60) = 1.53 is the value which co.rresponds closest to the number of degrees of
fregdom of the models. Thus, Fyos < Frinsen 123 and it may be concluded that, at the 5%
probability level, the two models differ significantly from each other. Taken further, a
significant difference between the models exists up to the 0.5% probability level. It may thus
be concluded that the four surface species model provides a significantly better explanation
of the experimental data. Based on this result, the four surface species model, Model 4, was

selected as the best model.

The best estimate adsorption constants for the surface species postulated in model 4 are also
shown in Table 3.7. These results provide further support for Model 4. The standard
deviations of all constants are within the oy, = 0.15 criterion used by others (Dzombak and

Morel, 1990; Baes and Mesmer, 1976) to decide whether a species is real or not.

Examination of a speciation plot of the 4 surface species model (Figure 3.15) indicates that
all surface species are present at significant levels. The species =XOCuOH represents 65%

of total copper at pH 4.5.
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100

" Species distrbution (%)
o
Q

Figure 3.15 Surface complex distribution, as predicted

percentage of total copper vs pH.

3.3.1(b) Zinc:

by Model 4, expressed as a

Models which were assessed for their ability to explain zinc adsorption data are listed in

Table 3.8.

Table 3.8 Models assessed to explain zinc adsorption data.

=X0ZnOH (Log K,)

Species (Log K)) Model 1 Model 2 Model 3 Model 4
=XO (Log K) -1.26 -1.26 -1.26 -1.26
=YO (Log K)) -5.99 -5.99 -5.99 -5.99

=YOH,* (Log K,) 352 3.52 3.52 3.52

=X0Zn* (Log K)) Determine Determine Determine Determine

=YOZn* (Log K;) - Determine Determine Determine
=YOZnOH (Log Ky) - - Determine Determine
- - Determine
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The first column of Table 3.8 shows the surface species and the Log K referring to that
species, i.e. in the text Log K, refers to species =XOZn" etc. It should be noted that only two
titrations were used to determine zinc adsorption constants since titration 1 was discarded,

based on the results shown in Figure 3.8.

Results are summarized in Tables 3.9 to 3.12 and model and experiment are compared
visually in Figure 3.16 to 3.19. The results obtained are similar to those obtained for copper.
The four species model led to a significant improvement over the three species model, both
on a statistical and a visual basis. According to the F-test, the models were significantly

different on both the 5% and 1% signiﬁcanée levels.

Best estimates for zinc adsorption constants together with their standard deviations are also

listed in Table 3.12.

Figure 3.20 shows the relative abundance of the surface species as a function of pH. It shows
that zinc speciation is dominated by species =XOZn*, =XOZnOH and =YOZnOH. The
speciation pattern is similar to that observed for copper except that species =YOZn* does not

become a dominant species at any pH value in the range covered by the experiments.



Table 3.9 Zinc adsorption constant as determined by Model 1 for two titrations.

Parameter

Titration 2

Titration 3

Log K, + Oppex
WSOS/DF
Data points

pH range

-1.37 £ 0.044
16.8
60
3.04 - 9.96

-1.53 + 0.042
16.4
60
3.05 - 9.80

-0.0015+

mol/)

£ -0.002-
T
-0.00254
-0.003+
-0.00354

-0.004

-0.0045
3

I

Figure 3.16 Comparison of an experimental ([J) titration curve, obtained in the presence of
zinc, with a calculated (—) titration curve generated with Model 1.
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Table 3.10 Zinc adsorption constants as determined by Model 2 for two titrations.

Parameter Titration 2 Titration 3
Log K, * Olog K -1.22 + 0.079 -1.83 + 0.086
WSOS/DF 4.3 39
Data points 60 60
pH range 3.05 -9.96 3.05 - 9.80
0.0005

Figure 3.17 Comparison of an experimental (CJ) titration curve, obtained in the presence of
zinc, with a calculated (—) titration curve generated with Model 2.




Table 3.11 Zinc adsorption constants as determined by Model 3 for two titrations.
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Parameter Titration 2 Titration 3
Log K, + o,« -1.39 + 0.043 -1.54 £ 0.042
Log Ks £ O, -1.23 + 0.079 -1.84 * 0.086
Log K¢ * Oy« -6.55 + 0.16 -7.03 £ 0.16

WSOS/DF 1.2 0.6

Data points 60 60
pH range 3.04 - 9.96 3.05 - 9.80

Figure 3.18 Comparison of an experimental ([J) titration curve, obtained in the presence of

zinc, with a calculated (—) titration curve generated with Model 3.
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Table 3.12 Zinc adsorption constants as determined by Model 4 for two titrations.

Parameter Titration 2 Titration 3 Best estimates
Log K, * o7« -1.67 = 0.064 -1.63 £ 0.048 -1.62 = 0.037
Log K; * Oy 2,42 + 0.52 -2.38 + 0.23 -2.39 + 0.23
Log K¢ * Op¢ -7.06 £ 0.21 -7.24 £ 0.18 -7.16 £ 0.13
Log K; + Op.x -3.67 = 0.061 -4.24 + 0.11 -3.95 + 0.059

WSOS/DF 0.1 0.3 0.5

Data points 60 60 120

pH range 3.04 - 9.96 3.05 - 9.80 3.04 - 9.80

- Figure 3.19 Comparison of an experimental ({J) titration curve, obtained in the presence of
zinc, with a calculated (—) titration curve generated with Model 4.
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Figure 3.20 Surface complex distribution, as predicted by Model 4, expressed as a
percentage of total zinc vs pH.

3.3.1(c) Nickel:

The models which were assessed for their capability to explain nickel adsorption data are
listed in Table 3.13. Results for the different models are presented in Tables 3.14 to 3.17 and

Figure 3.21 to 3.24.

The best explanation of nickel adsorption results is provided by the four surface species
model. According to the F-test, the decrease in the Goodness of Fit parameter observed
between Models 3 and 4, which was brought about by the introduction of =XONiOH, is

significant at both the 5% and 1% significance levels.
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Table 3.13 Models assessed to explain nickel adsorption data.

Species (Log K) Model 1 Model 2 Model 3 Model 4
=XO" (Log K) -1.26 -1.26 -1.26 -1.26
=YO (Log K,) -5.99 -5.99 -5.99 -5.99

=YOH," (Log K;) 3.52 3.52 3.52 3.52

=XONi"* (Log K,) Determine Determine Determine Determine

=YONi" (Log K;) - Determine Determine Determine
=YONiOH (Log Ky) - - Determine Determine
=XONiOH (Log K,) - - - Determine

The speciation plot obtained for this model is shown in Figure 3.25. The observed speciation

pattern is similar to that observed for Zn. It also differs from the copper speciation pattern

in that =YONI" is never a dominant species. The dominating species in the pH range 3 to

3.5 is =XONi". Species =XONiOH dominates in the region 3.5 to 6.8. In the pH range of

ca. 6.8 - 7.5, species =YONi* and =XONiOH are present in equal concentrations. Above pH

7.5, =YONIOH is the dominant species.

Table 3.14 Nickel adsorption constant as determined by Model 1 for three titrations.

Parameter Titration 1 Titration 2 Titration 3
Log Ky * Opx -1.33 + 0.047 -1.26 * 0.047 -1.39 + 0.044
WSOS/DF 21.5 25.2 20.1
Data points 60 58 60
pH range 3.04 - 9.69 3.05-9.46 3.05-9.74
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-0.0035

-0.004

-0.0045
3

Figure 3.21 Comparison of an experimental ([J) titration curve, obtained in the presence of
nickel, with a calculated (—) titration curve generated with Model 1.

Table 3.15 Nickel adsorption constants as determined by Model 2 for three titrations.

Parameter Titration 1 Titration 2 Titration 3
Log K, £ Opox -1.39 = 0.044 -1.43 + 0.044 . -1.44 £ 0.043
Log Ks £ 01, ¢ -1.15 = 0.077 -0.55 + 0.058 -1.27 £ 0.078

WSOS/DF 4.9 4.6 4.5

Data points 60 58 60

pH range 3.04 - 9.69 3.05 -9.46 3.05-9.74
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- 0.0005

-0.00051 4
-0.0014

_.-0.00151
—-—

0

£ -0.0021
-0.00254

-0.0031
-0.00351

-0.004

-0.0045
3

Figure 3.22 Comparison of an experimental (OJ) titration curve, obtained in the presence of
nickel, with a calculated (—) titration curve, generated with Model 2.

Table 3.16 Nickel adsorption constants as determined by Model 3 for three titrations.

Parameter Titration 1 ~ Titration 2 Titration 3
Log K, * Op,x -1.38 + 0.044 -1.43 + 0.044 -1.44 + 0.043
Log Ks + Oy -1.16 £ 0.077 -0.55 + 0.058 -1.29 * 0.079
Log K¢ * Op.x -5.96 + 0.16 -5.22 £ 0.16 -6.16 *+ 0.16

WSOS/DF 0.8 12 0.8

Data points 60 58 60

pH range 3.04 - 9.69 3.05 - 9.46 3.05-9.74
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Figure 3.23 Comparison of an experimental (OJ) titration curve, obtained in the presence of
nickel, with a calculated (—) titration curve generated with Model 3.

Table 3.17 Nickel adsorption constants as determined by Model 4 for three titrations.

Parameter Titration 1 Titration 2 Titration 3 Best estimates
Log K, opex | -1.57 £ 0.059 -1.84 £ 0.095 -1.63 + 0.058. -1.65 + 0.038
Log Ks * o1k -1.71 £ 0.18 -1.28 £ 0.17 -1.90 £ 0.21 -1.63 £ 0.11
Log K¢ = 010k -6.21 £ 0.17 -5.63 = 0.16 -6.40 = 0.17 -6.08 + 0.098
Log K; o5« | -3-81 £ 0.085 -3.49 + 0.054 -3.85 £ 0.081 -3.70 = 0.041

WSOS/DF 0.3 0.2 0.2 0.5

Data points 60 58 60 178

pH range 3.04 - 9.69 3.05 - 9.46 3.05-9.74 3.04 -9.74
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Figure 3.24 Comparison of an experimental ({J) titration curve, obtained in the presence of
nickel, with a calculated (—) titration curve generated with Model 4.

01 _xoNi+ =XONIOH

Species distribution (%)
e

[0 08
o

6 7 10

pH
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N
[6) 58

Figure 3.25 Surface complex distribution, as predicted by Model 4, expressed as a
percentage of total nickel vs pH.
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3.3.1(d) Cadmium:
The models assessed for their ability to describe cadmium adsorption data are listed in Table
3.18. Only two of the models listed in Table 3.18 converged for the cadmium data set.
Models incorporating cadmium hydroxy species did not converge. Cadmium data were
explainéd well up to pH 4.5 by the species =XOCd"* (Table 3.19 & Figure 3.26). Above this
pH, the model underpredicted the amount of base needed to reach a given pH. Inclusion of
=YOCd"* (Table 3.20 & Figure 3.27) improved the agreement between model and experiment.
Application of the F-test shows that the improvement in the Goodness of Fit parameter

observed between Model 1 and Model 2 is significant at the 1% probability level.

Table 3.18 Models assessed to explain cadmium adsorption data.

Species (Log K)) Model 1 Model 2 Model 3 Model 4
=XO" (Log K)) -1.26 -1.26 -1.26 -1.26
=YO' (Log K)) -5.99 -5.99 -5.99 -5.99

=YOH,"* (Log K,) 3.52 3.52. 3.52 3.52

=XOCd* (Log K,) Determine Determine Determine Determine

=YOCd* (Log Ky) - Determine Determine Determine
=YOCdOH (Log K,) - - Determine Determine
=XOCdOH (Log Kj) - - - Determine

Cadmium surface speciation is shown in Figure 3.28. The species =XOCd* dominates over
a wide pH range. =YOCd"* becomes dominant at pH values greater than 7.5. The fact that
=XOCdOH and =YOCdOH were not required to fit experimental data may be explained by
noting that cadmium is less prone to form hydroxy species than the other elements

investigated.
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Table 3.19 Cadmium adsorption constant as determined by Model 1 for three titrations.

Parameter Titration 1 Titration 2 Titration 3
Log K, OLog K -1.56 + 0.037 -1.65 + 0.036 -1.59 + 0.036
WSOS/DF 1.8 1.7 3.0
Data points 56 56 56
pH range 3.02 - 9.98 3.02 - 9.97 3.02 - 991
0.0005

-0.0035+

-0.004

-0.0045
3

Figure 3.26 Comparison of an experimental ([J) titration curve, obtained in the presence of
cadmium, with a calculated (—) titration curve, generated with Model 1.
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Table 3.20 Cadmium adsorption constants as determined by Model 2 for three titrations.

Parameter Titration 1 Titration 2 Titration 3 Best estimates
Log K, * o1,k | -1.56 £ 0.037 -1.65 + 0.036 -1.59 * 0.036 -1.60 = 0.021
Log Ky O ¢ | 441 %0.14 -4.66 +0.14 | -390+0.11 | -4.32 % 0.073

WSOS/DF 0.7 0.7 1.0 0.9

Data points 56 56 56 168

pH range 3.02 -9.98 3.02 - 9.97 3.02 -991 3.02 - 9.98

Figure 3.27 Comparison of an experimental ({J) titration curve, obtained in the presence of

cadmium, with a calculated (—) titration curve generated with Model 2.
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Figure 3.28 Surface complex distribution, as predicted by Model 2, expressed as a
percentage of total cadmium vs pH.

3.3.1(e) Lead:

Manceau et al. (1992c) and Chisholm-Brause et al. (1990a) performed in situ investigations
into lead adsorption by Birnessite and y-Al,O, respectively, using X-ray absorption
spectroscopy. The results presented by Manceau et al. suggest that, under their experimental
conditions, lead adsorbed as multi-nuclear surface complexeS with a Pb o.xy/hydrvoxy-like local
structure and that these poly-nuclear clusters coordinate with Birnessite edges. .Chishovlm-
Brause et al. conclude that in their study, at least some of the adsorbed lead was present as
small multinuclear complexes. Based on this information, the first attempt at explaining lead

adsorption data included a multinuclear lead hydroxide species, Pb,OH*. The model -
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consisted of the following species:

=XOH = =XO" + H* Log K, = -1.26
=YOH = =YO + H* Log K, = -5.99
=YOH + H* »=YOH,* Log K, = 3.52
=XOH + Pb** «=XOPb* + H" | Log K, : determine

=XOH + 2Pb* + H,0 »=XOPb,0H" + 2H'  Log K : determine

This model did not converge. In each case, the value for Log K, decreased systematically,
indicating a redundant species, or a species present at too low concentration to be meaningful.
Discarding =XOPb* resulted in convergence. Results for this model are shown in Table 3.21.
The agreement between this model and potentiometric results are shown in Figure 3.29.
Other models including this species were also evaluated but none of them provided a better

fit. Convergence problems were a common occurrence.

Although this model is quite successful in describing the adsorption data, both from a
statistical and a visual point of view, the fit obtained is not perfect. Therefore, adsorption

data were also modelled using mononuclear surface complexes.

Results obtained using mononuclear surface complexes only are Vlisted in Tables 3.22 to 3.26.
Figures 3.30 to 3.34 compare modelling and experimental results. A model consisting of four
surface species, similar to those proposed for copper, nickel and zinc failed to converge. The
constant for the species =YOPbOH decreased systematically, which is indicative of a species

being either redundant or present at insignificant concentration levels.



3-40

Table 3.21 Lead adsorption constants for the formation of a multinuclear surface complex.

Species

Titration 1

Titration 2

Titration 3

Best estimate

=XOPb,0H**
WSOS/DF
Data points
pH range

-1.57 = 0.056
0.5
55
3.00 - 9.85

-1.31 = 0.065
1.4
55
3.00 - 9.83

-1.59 * 0.056
1.3
55
3.01 -9.381

-1.49 + 0.034
11
165
3.00 - 9.85

0.0005

O
-0.00051

-0.0011
-0.00151

-0.002-

TH (molfl)

-0.0025+
-0.003
-0.0035+

-0.004

-0.0045
3

(o-

10

Figure 3.29 Comparison of an experimental ({J) titration curve, obtained in the presence of

lead, with a calculated (—) titration curve, assuming =XOPb,OH*? to form.
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The model consisting of only one surface species, =XOPb*, éave\a fair representation of
experimental results (Table 3.22 and Figure 3.30). It did, however, undergstimate the base
consumption of the system. Addition of a second species, =YOPb* improved the observed
fit (Table 3.23 and Figure 3.31). However, quite a large discrepancy between model and
experiment is observed in the region pH 6 to 7. Inclusion of =XOPbOH improved the fit
slightly in the lower pH range (pH < 5) but the fit in the highe; pH range did not improve
(Table 3.24 & Figure 3.32). However, the Goodness of Fit parameter did show a decrease,

indicating an overall improvement in fit.

Discarding =YOPb* did not have any effect on the Goodness of Fit parameter or the visual
fit between model and experiment (cf. Tables 3.24 and 3.25; Figures 3.32 and 3.33). Thus,

it may be deduced that =YOPb" is redundant for the explanation of adsorption data.

A model consisting of only =XOPbOH" was also evaluated. Results for this model are shown
in Table 3.26 and Figure 3.34 plots the comparison between model and experiment. Based
on the F-test, it may be stated that the ability of =XOPbOH to explain experimental results
is not significantly different from the model consisting of =XOPb* and =XOPbOH. Thus,
Ockham’s razor dictates that =XOPbOH should be selected as the best explanation of

experimental data using mononuclear surface species.

Comparison of the mononuclear model with the multinuclear surface complex model (cf.
Tables 3.21 and 3.26; Figure 3.29 and 3.34) shows that the multinuclear model is more

successful in describing adsorption data.
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Table 3.22 Lead adsorption constants for the formation of =XOPb* as determined for three

titrations.

Species

Titration 1

Titration 2

Titration 3

Best estimate

=XOPb*
WSOS/DF
Data points

pH range

-0.61 * 0.056
54
55
3.00 - 9.85

-0.43 + 0.065
8.1
55
3.00 - 9.83

-0.62 + 0.056
8.3
55
3.01 -9.81

-0.55 =+ 0.034
7.2
165
3.00 - 9.85

0.0005

-0.0005-
-0.001-
__-0.0015-

-0.002

TH (mo

-0.00251
-0.003+
-0.0035

-0.0047

-0.0045
2

m-\
©

lead, with a calculated (—) titration curve, assuming =XOPb* to form.

Figure 3.30 Comparison of an experimental ({J) titration curve, obtained in the presence of
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Table 3.23 Lead adsorption constants for the formation of =XOPb" and =YOPb* as

determined for three titrations.

Species

Titration 1

Titration 2

Titration 3

Best estimates

=XOPb*

=YOPb*
WSOS/DF
Data points

pH range

-0.62 * 0.056
-1.16 £ 0.10
2.5
55
3.00 - 9.85

-0.49 * 0.061
-0.13 * 0.089
3.6
55
3.00 - 9.83

-0.66 * 0.053
-0.42 + 0.085
33
55
3.01 -9.81

-0.59 * 0.073
-0.57 £ 043
3.2
165
3.00 - 9.85

0.0005

-0.0005+
-0.001+

~ -0.00151
=

mo

£ -0.0021
-0.0025+

-0.0083+
-0.0035+

-0.0041

-0.0045
2

o

Figure 3.31 Comparison of an experimental () titration curve, obtained in the presence of

lead, with a calculated (—) curve, assuming =XOPb* and =YOPb* to form.
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Table 3.24 Lead adsorption constants for the formation of =XOPb*, =YOPb* and =XOPbOH

as determined for three titrations.

Species

Titration 1

Titration 2

Titration 3

Best estimates

=XOPb*

=YOPb*
=XOPbOH
WSOS/DF
Data points

pH range

-0.87 = 0.065
-1.34 £ 0.21
-3.09 = 0.075
1.9
55
3.00 - 9.85

-1.10 = 0.097
-0.98 £ 0.22
-2.71 * 0.047
1.8
55
3.00 - 9.83

-1.22 £ 0.092

-1.31 £ 0.27
-2.86 £0.047
14
55
3.01 -9.81

-1.04% 0.047
-1.21 * 0.14
-2.87 = 0.032
1.8
165
3.00 - 9.85

0.0005

-0.0005
-0.0014

— -0.0015

£ -0.002-

ol

TH

-0.0025+1
-0.003
-0.0035-

-0.004

-0.0045
2

Figure 3.32 Comparison of an experimental ({J) titration curve, obtained in the presence of

lead, with a calculated (—) curve, assuming =XOPb*, =YOPb* and =XOPbOH to form.
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Table 3.25 Lead adsorption constants for the formation of =XOPb* and =XOPbOH as

determined for three titrations.

Species

Titration 1

Titration 2

Titration 3

Best estimates

=XOPb*
=XOPbOH

Data points
pH range

WSOS/DF .

-0.93 + 0.067
-3.01 * 0.063
2.0
55
3.00 - 9.85

-1.16 £ 0.10
-2.68 = 0.044
1.9
55
3.00 - 9.83

-1.28 + 0.097
-2.84 + 0.044
14
55
3.01 -9.81

-1.09 = 0.049
-2.38 + 0.028
1.9
165
3.00 - 9.85

0.0005

-0.0005-
-0.001+

-0.0015A

ol

E -0.002-
-0.0025
-0.003-
-0.0035+

-0.0041

-0.0045
2

Figure 3.33 Comparison of an experimental ({J) titration curve, obtained in the presence of
lead, with a calculated (—) curve, assuming =XOPb* and =XOPbOH to form.
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Table 3.26 Lead adsorption constant for the formation of sXOPbOH as determined for three
titrations. '

Species Titration 1 Titrationbz Titration 3 Best estimates
=XOPbOH -2.72 £ 0.028 -2.60 = 0.030 -2.72 + 0.028 -2.68 * 0.017
WSOS/DF 3.8 23 20 2.7
Data points 55 55 . 55 165
pH range 3.00 - 9.85 3.00 - 9.83 3.00 - 9.81 3.00 - 9.85

Figure 3.34 Comparison of an experimental ({J) titration curve, obtained in the presence of
lead, with a calculated (—) curve assuming =XOPbOH to form. '
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100
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8 3

N
(@
1

pH

Figure 3.35 Surface complex distribution expressed as a percentage of total lead vs pH.

Based on the F-test, the difference in the Goodness of Fit parameter observed between the
two models is significant at the 5% probability level for all titrations, as well as for the
combined data set. Thus, it was decided to select =XOPb,0H** as the model for lead

adsorption. The surface speciation of this model is shown by Figure 3.35.

34 Discussion

Some of the surface species presented as models in the preceding paragraphs may be
criticised on the grounds of a very low abundance in the solution phase at pH values where

these are postulated to adsorb significantly. This is the case for all the =XOMOH species.
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However, Le Chatelier’s principle (Atkins, 1983) should be kept in mind when these results
are interpreted. These hydroxy species are present in solution, albeit at quite low
concentrations especially in the lower pH ranges. The solid surface acts as a sink for these
species by adsorbing ‘them and thereby removing them from solution. The system will
respond to this disturbance of equilibrium by shifting the equilibrium in a direction which

favours the species being consumed.

The EXAFS results obtained by Manceau et al. (1992c), which indicated the existence of
polynuclear lead surface complexes, were obtained at pH 3. This provides proof for the

existence of hydroxy surface complexes even at low pH values.

Other criticisms which may be levelled against the proposed surface species relate to their
actual existence. This issue has two aspects to it: first, from a structural point of view, it
may be asked whether surface complexes of the type proposed in this work do exist. The
data collected in the present study do not give an ans;ver to this question. However, as was
discussed in the paragraph on modelling procedure (paragraph 3.3), the species postulated
here are fundamental to the surface complexation approach. Also, the agreement between
spéctroscopic results and modelling results (;btained for lead is encouraging and does provide

a certain degree of support for the postulated species.

The second aspec