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Polyelectrolyteffecten dragen substantieel bij tot de binding van zware-metlaalio-

nen aan humuszuren onder natuurlijke omstandigheden.

Dit proefschrift, hoofdstuk 7.

De beide modellen, door Buscall & Corner gehanteerd voor de interpretatie van
de concentratieafhankelijkheid wvan de schijnbare dissociatieconstante van res-
pectievelijk polyacrylzuur in oplossing en polyacrylzuur aan polystyreenlatex

gebonden, bevatten essentiéle onjuistheden.

Buscall, R. & Corner, T., 1982. Polyelectrolyte stabilised latices. Part 2:
Characterisation and colloidal behaviour. €olloids and Surfaces 3: 333-35t.

Bij het wverklaren van de wverschiilen in viscositeitsgemiddelde molekuulmassa's
van metaal-fulvinezuurcomplexen bij diverse metaal/fulvinezuur concentratiever-
houdingen, gaan Ghosh & Schnitzer ten onrechte voorbij aan de inviced van de

hoeveelheid gebonden metaalionen.

Ghosh, K. & Schnitzer, M., 1981. Fluorescence excitation spectra and viscosity
behavior of 2 fulvic acid and its copper and iron complexes., Soil Sci. Soc. Am.
J. 45: 25-29.

De door Anderson & Sioda gegeven verklaring van de effectiviteit van elektiro-
lytische preconcentratie van metalen is onvoldoende onderbouwd, en is zeker

niet van toepassing bij gebruik van kwikelektroden.

Anderson, J.L. & Sioda, R.E., 1983. Electro-deposition as a preconcentration
step in analysis of multicomponent solutions of metallic ions. Talanta 30:
627-629.

Vanwege de posities van de elektroden en de afwezigheid van een wvoorziening
om elektradepolarisatie-effecten te bepalen, is de methode van Carius & Dabias

niet geschikt voor nauwkeurige meting van stromingsstromen.

Carius, W. & Dobias, B., 1981. Semi-automatic apparatus for the measurement of
streaming potential and streaming current. Colloid & Polymer Sci. 259: 470-471,

De correctie, toegepast door Kwvastek & Horvat, wvecor de invioed van de opper-
vigkteruwheid op de impedantie van polykristallijne zilverjodide-etekiroden, leidt

tot fysisch irrealistische conclusies.

Kvastek, K. & Horvat, V., 1983. Analysis of the Ag/Agl electrode impedance.
J. Electroanal. Chem. 147: 83-96.
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De suggestie dat bronnen wvoor groeistappen op lage-index viakken wvan silicium
worden gegenereerd door de opperviaktereconstructie zoals voorgesteld door van
Vechten, is in haar algemeenheid cnwaarschijntijk, en is zeker niet van toepas-

sing bij de gebruikelijke groeitemperaturen.

van Vechten, J.A., 1977. BSurface reconstruction as a source of growth steps.
J. Crystal Growth 38: 139-142.

. Tegen de achtergrond van het feit dat de afmetingen wvan de basis-eenheidscel

in de superstructuur van natief B-type zetmeel zijn gerelateerd aan de hoeveel-
heid in de structuur opgenomen water, kan een aardappeizetmeelkorrel worden

beschouwd als een bijzondere vorm wvan een gemoduleerd kristal.

Cleven, R., van den Berg, C. & van der Plas, L., 1978. Crystal structure of
hydrated potato starch. Starch/Stirke 30: 223-228. -

De mate van structuurbevordering in zetmelen door opgencmen kleine molekulen
wordt voor een groot gedeelte sterisch bepaald: ze is groter voor B-iype zet-
meel vergeleken met het compactere A-type, en ze neemt af in de serie water >

methanol > ethanol.

Cleven, R., 1978. Ongepubliceerd werk.

Ontogenetische symmetriebeschouwingen wvan anatamie en fysiclogie van het men-
selijk lichaam kunnen waardevolle inzichten opleveren, en verdienen meer aan-

dacht in de geneeskunde.

Het voornemen wvan de regering om het tegengaan van ongerechtvaardigd onder-
scheid van personen op grond wvan gesiacht, homaofilie en huwelijkse staat een
breed wetlelijk kader te geven, dient gepaard te gaan met een wvoornemen om
ongevraagde registralies wvan geslacht, geslachtelijke wvoorkeur of huwelijkse

staat te begindigen en/of te ontmoedigen.

Voorontwerp van een wet gelijke behandeling, 1981.

Het verschil tussen apparaat en machine is aan slijtage onderhevig.

De groeiende belangsteliing, zeker die van wetenschappelijke zijde, naar een

gedetailleerd beeld van het leven op aarde na een nucleair conflict, is een maat

voor de acceptatie van de realiseringskans van zo'n conflict,

Rob. F.M.J. Cleven

Heavy metal/polyacid interaction

Wageningen, 26 cktober 1984




ABSTRACT

Cleven, Rob.F.M.J. (Laboratory for Physical and Colloid Chemistry,
Agricultural University Wageningen, The Netherlands), 1984.

HEAVY METAL/POLYACID INTERACTION; an electrochemical study of the
binding of cd(I1), Pb(II1) and 2Zn{Il) to polycarboxylic and humic acids.
Thesis, Agricultural University, Wageningen, 225 + 9 pp., 90 figs.,
22 tables, 443 refs., English and Dutch summaries.

Polyelectrolyte effects in the interaction of heavy metal ions with
model polycarboxylic acids have been described, in order to establish
the relevance of these effects in the interaction of heavy metal ions
with naturally occurring humic and fulvic acids. The model systems con-
sisted of CA(II), Pb{ll) or Zn(Il) nitrates in combination with par-
tially neutralized poly(acrylic acid), poly(methacrylic acid) or par-
tially esterified poly(methacrylic acid). Metal binding characteris-
tics have been investigated as a function of the metal/polyion ratio,
the degree of neutralization, and the concentration of added 1:1 salt,
and have been determined applying normal pulse polarography, conducto-
metry and potentiometry. Covalent and electrostatic contributions to
the binding have been disentangled, and discussed in terms of intrinsic
binding constants and effective polyion charge densities. It is con-
c¢luded that polyelectrolyte effects play an important rele in heavy
metal /humic acid systems at natural pH levels.
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"Even the scientist who Is convipced of the validity of determin-
istic descriptions would probably hesitate to imply that at the very
moment of the Big Bang, the moment of the creation of the universe as
we know it, the date of the publication of this book was already in-

scribed in the laws of nature’

Ilya Prigogine & Isabelle Stengers (1984}



1 INTRODUCTION
1.1 PURPGSE OF THIS STUDY

The present thesis deals with the challenging problem cof the inter-
actions of divalent metal ions with polyelectrolytes. This issue is of
a great practical and theoretical importance.

The relevance for practice originates from the fact that in soils
and natural waters the transport and the bio-availability of heavy
metal ions are drastically influenced by the presence of humic sub-
stances. These natural macromolecules, having many binding sites per
molecule, may be considered as polyelectrolytes.

Theoretically, the problem of properly accounting for the chemical
and physical contributions to the association of metal ions with poly~
electrolytes is largely unsolved, notwithstanding considerable atten-
tion paid to these phenomena over the past few decades. One of the
reasons for the incomplete understanding is the lack of sufficiently
detailed data.

In the present study, complete sets of data on metal ion associa-
tion with natural and synthetic polyelectrolytes are systematically
established, by using different electrochemical techniques and an ap-
propriate experimental strategy. These data will contribute to the so-
lution of a number of theoretical and practical gquestions, including
the defining of polyelectrolytic effects in the association of heavy

metal ions with humic substances.
1.2 GENERAL BACKGROUND
1.2.1 Polyacids: features & current topics

Polyelectrolytes have originally been defined by Fuoss (1948) as
substances of high molecular mass which are simultaneously electro-
lytes. More recent definiticns stress the dissociation products in
solution: multiply charged polyions and counterions of small charge
and opposite sign (IUPAC, 1952; Marinsky, 1966; Manning, 1979b).

Physico-chemical features of polyacids are markedly different from
those of non-ionic polymers and monomeric acids. Two classic examples
are:

- Upon dilution of a partially neutralized polyacid solution, the re-
duced specific viscosity increases dramatically (Eisenberg & Fuoss,



1954). Only at extremely low polyelectrolyte concentrations a
maximum is reached (Eisenberg, 1977).

- Upon neutralization of weak polyacids the apparent dissociation
constant decreases by orders of magnitude (Katchalsky & Spitnik,
1947).

In the presence of simple salts, these effects are suppressed or
even absent (Richards, 1980). The cited features are now well under-
stood (Overbeek, 1976}).

Central concepts in the understanding of polyelectrolyte behaviour
are: _

i The strong mutual electrical interaction of the charges on the
polyion, and the response of the small ions to the high electrical
field around the polyion.

ii The morphological response of the polymer chain segments to the
local charge distribution in the solution.

Metal jon association
An important feature of polyacids is the strong association with
metal ions that may persist even at high dilution (Oosawa, 1971).
Crucial characteristics of this association still lack complete under-
standing. Some current issues are:
i The development of models to describe the association.
ii The evaluation of the nature of the association: localized or delo=-
calized 'binding'.
iii The discrimination between ion-specific and generic electrostatic
effects.
iv The distribution of metal ions of different wvalence over the 'bound'
states: competition effects in mixed systems.
v  The cooperativity of the binding sites.
vi The occurrence of polyelectrolyte effects, i.e. those effects pro-
voked by the charge density of the polyion, in natural systems con-
) taining polymeric acid such as humic acid.
vii The response of various analytical methods tc associated metal ions.

In the présent work, all of these issues will be highlighted. Re-~
sults were achieved by measuring counterion binding in various metal/
pelyacid systems using different:

- polycarboxylic acids,
- divalent metal nitrates,



- metal/polvacid concentration ratios,
-~ charge densities of the polyions,

~ concentrations added 1:1 salt,

- electrochemical analytical methods,
- concepts in data treatment.

. Central concepts in the understanding of metal ion association with
pelyacids are:
i Physical: a high local concentration of metal ions in the vicinity
of the polyion due to coulombic attraction.
ii Chemical: complex formation with functional groups due to covalent
binding.

Against the background of classic theories of electrolytes, polymer
physics and metal complexation, new theories had to be developed to
describe the behaviour of polyelectrolytes, and the notion of 'bind-
ing' had to be reconsidered.

Pioneering investigations of the physical chemistry of polyelectro-
lytes by Staudinger in the twenties and Kern in the thirties, were
followed, after World war II, by more systematic studies by Katchalsky
in Jerusalem and Fuoss in Yale. The early investigations of synthetic
polyacids were restricted to poly(acrylic acid) and poly{methacrylic
acid). These polyelectrolytes are still frequent model substances,
like in the present work.

Since 1946, a number of polyelectrolyte theories have been devel-
oped. Some recent theories on metal ion association lead, on main
issues, to controversies, to be discussed in chapter 2. For example
the counterion 'condensation' theory of Manning (1969%9a) in which
molecular thermodynamics is applied on a line charge model, and the
counterion 'accumulation' theory of Guéron & Weisbuch (1979), in which
electrostatics is applied on a curved charged plane model.

In the present work, a number of predictions by these two theories
will be compared with the results in the chapters 4-6.

Applications

Among the oldest applications of polyelectrolytes is the agricultu-
ral use of pelylacrylic acid) and its derivatives, such as 'RKrilium'
and 'Rohagit' as soil conditioners (Eisenberg & Fuoss, 1954; Kretz &
Vélker, 1964). The fertilizing properties of these products, like
those of humus, are based on cation exchange processes and stabiliza-




tion of the clay structure.

Acrylic polyacids are also used in medicine, as drug carriers
{Kreuter, 1983) and in dental cements (Wiegman-Ho & Retelaar, 1983),
and in technology, for example in the removal of heavy metal ions from
effluents (Jellinek & Sangal, 1972), and as a main component of ion-
exchange resins (Marinsky, 1966).

Generally, applications of polyelectrelytes are based on their
binding power for ionic species, or on adscrption on colloidal par-
ticles or emulsion droplets. Depending on the conditions, adsorption
may have a strong stabilizing action against flocculation, or it may
evoke flocculation due to bridging. Other applications involve suppres-
sion of turbulence in flow, prevention of scale growth in heat ex-
changers, and the formation of hyperfiltration membranes (Eldridge,
1973).

The future use of polyelectrolytes as 'catalysts' in a variety of
chemical reactions is very promising {(Tsuchida & Nishide, 1977: Ise,
1978; Tondre, 1982; Ise et al., 1982). Reactions between ionic species
of the same sign are enhanced due to the high local concentrations of
the reactants near peolyions of opposite sign. In reactions with un-
charged reactants, steric and specific effects attributed to the poly-
meric ligands play a leading role in the ‘'catalytic' activities (Kane-
do & Tsuchida, 198l1). Metal complexes of synthetic poly(amino acid)
may be model substances in the study of enzymatic activities of metal
complexes of natural polypeptides.

Natural polyelectrolytes

Generally, metal ijons asscciated to biopolyelectrolytes, such as
proteins, nucleic acids and acidic polysaccharides, play a vital role
in biological functions in living tissue (Williams, 1971; Muzarelli,
1973; Daune, 1974). The interaction of metal ions with DNA is frequent-
ly studied. The structure of this polyacid is well-known, and the dis-
tance separating the phosphate groups, projected on the double-helix
axis in native DNA, is fixed and very short: 0.17 nm. A high charge
density results. Because of the stiff helical conformation, DNA is
often used as a model polyelectrolyte (Manning, 1979%a, 198la).

In the case of proteins, bearing both acidic and alkaline groups,
the conformation may be dependent on the medium. Consequently, the ef-
fective charge is often low, the charge separations may not be fixed,
and the interpretation of polyelectrolyte effects is correspondingly
difficult.



Polyacidic organic material in soils and natural waters is of
agricultural ‘importance. This type of gecpolymer comprises a wide
variety of similar compounds, often collectively known as humic acid.
They are formed by the decomposition of dead vegetable matter, and
they are among the most abundantly and most widely occurring natural
products on earth (Schnitzer & Ghosh, 1979). Humic acid plays a cru-
cial role in the mobilizaticn and transport of heavy metal ions in
soils and natural waters (DHaese, 1977).

The chemical nature of humic acid is poorly defined {(Schnitzer &
Khan, 1976). To a complex skeleton of aliphatic and aromatic struc-
tures, many functional groups, predominantly carboxylic, are attached.
The humic acid molecules show some flexibility (Hayano et al., 1982).

Polyelectrolyte behaviour of humic material is difficult to ascer-
tain because of the irregular structure and mixture of components
present even in purified samples. The divergency in apparent associa-
tion constants of similar metal/humic acid systems has generally been
attributed to mixture effects, whereas electrostatic effects may also
be involved.

Literature on metal association with humic acid is very abundant,
and has frequently been reviewed (Flalig et al., 1975; Schnitzer &
Khan, 1976; Mantoura, 1981). Nevertheless, studies of electrostatic
effects in the association are relatively scarce {Arai & XRumada,
1977a,b; Marinsky et al., 1980, 1982; Young et al., 1982).

Knowledge of the polyelectreolyte character of the metal association
with humic acid is important in metal speciation studies and modelling
of ecosystems: electrostatic binding and chemical binding obey differ-
ent laws, and lead to different speciation patterns. Successful pre-
dictions and control of pathways of toxic metals in the environment
are dependent on the proper understanding of the nature of the inter-
action.

In the present work, the polyelectrolytic nature of metal/humics
interaction is studied on the analogy of, and referring to the preced-
ing study of the interaction of metal ions with synthetic polyacids.

1.2.2 Heavy metals: environmental aspects

The equivocal term 'heavy metals', suggesting a physical classifi-
cation, is generally used where there are connotations with toxicity
(Nieboer & Richardson, 1980). Topics at the biennial conferences on
'Heavy metals in the Environment' stress this connection. The toxicity



of heavy metals is related to their ability to form complexes with
biomolecules. In such complexes, essential functional groups may be
blocked, other essential metal ions displaced, and active conforma-
tions modified.

In soils and natural waters, heavy metals are distributed over many
different species, of which the aquo-complexes are generally consid-
ered to be the most toxic (Hart, 1981). Binding to organic matter de-
creases the toxicity of heavy metal ions, but it increases their mo-
bility and often their bioc-availability. The uptake of heavy metal
ions by roots, and the plant physiology are influenced by the presence
of organic ligands and by the concentrations of the metal ions in the
501l (Schnitzer & Khan, 1976; van der Werff, 1981). It is not yet
fully understood how the processes of metal uptake depend on specia-
tion, concentrations and kinetic factors (Zunino et al., 1975).

Accumulation factors for heavy metals in micro-organisms, fossil
substances and in sediments, by natural and man-made processes, can
exceed 100,000 (Szalay & Szildgyi, 1969; Martell, 1975; World Health
Organization, 1982).

A number of heavy metals, such as Co, Cr, Cu, Fe and Zn, are essen-
tial constituents of the human body. Both deficiencies and overdoses
are hazardous. A general toxicity sequence for mammals is (Venugopal &
Luckey, 1975): Ag, Hg, Tl, €d > Cu, Pb, Co, Sn > Mn, 2Zn, Ni, Fe, Cr.
Antagonistic effects and synergisms are possible: e.g. the toxicity of
Pb and Cd is decreased in the presence of Zn (Vogelaar, 1980), proba-
bly because of competition for the same sites.

Toxicity sequences have been linked to chemical classifications of
heavy metals. The 'hard acid', or A-type metal ions are generally less
toxic than the 'soft acid!', or B-type metal ions. This classification
is based on trends in the equilibrium constants for the formation of
complexes, generally with inorganic ligands. Recently, a more general-
ly applicable ‘'covalence index' was proposed (Nieboer & Richardson,
1980). This index is the ratio of the squared Pauling electronegativi=-
ty and the crystal ionic radius of the metal ion. For a given metal
ion it is considered to be a measure of the importance of covalent in-
teractions relative to ionic interactions.

Cadmium, lead and zinc

. . . . + +
For the metal ions investigated in the present study, Cd2 . sz

and Zn2+, the covalence indices are 2.9, 3.3 and 2.2, respectively.

This means that the tendency to form covalent bonds usually de-



creases in the crder Pb>Cd>Zn.

The average content in soils amounts to 0.06, 10 and 50 mg/kg for
cd, Pb and 2Zn, respectively. The toxicity for plants of these metals,
that increasingly occur in the ecosystems of industrialized societies,
and their uptake by roots, have been demonstrated (van der Werff,
1981; Jones et al., 1981; World Health Organization, 1982).

1.3 SCOPE OF THE PRESENT WCRK
21.3.1 Objectives

The present electrochemical study of the interaction of Cd(ll),
Pb{11} and Zn(ll) with a number of polycarboxylic acids is focussed on
two main objectives:
i+ The physico-chemical description of polyelectrolyte effects in the

association of heavy metal ions with model polycarboxylic acids of

well-defined composition and structure.
ii The assessment of pceclyelectrolyte effects in the association of

heavy metal ions with humic acid.

Interactions of Cd(I1I), Pb(II) and Zn(II) with simple carboxylic
ligands are mainly covalent, whereas in those with polycarboxylic
ligands strong electrostatic effects may be additionally manifest.
Therefore, variables controlling the electrical field around the poly-
ion were selected to be studied. In addition, monomer-like ligands
were also investigated.

The objectives were achieved by determinations of free #2*- and
H'-ions in the metal/polyacid systems. As the response to free M2+-
ions in the electrochemical analyses may depend on the polyelectroly-
tic nature of the ligand, three independent methods, wviz. polarography,
potentiometry and conductometry, were used.

Against the background of the current issues on metal ion associa-
tion with polyelectrolytes, actual gquestions to be answered are:

i How do the metal/polyacid equilibria depend on:

- the concentration ratio of the reactants;
- the charge density of the polyacid;
- the concentration 1:1 salt?

ii Is it possible’ to separate ion-specific and generic electrostatic
effects, and how de Cd, Pb and Zn differ in this respect? Do simple
relations exist with intrinsic chemical properties of metal-carboxy-
lates?



iii Does the protolytic dissociation interfere with the metal ion com-
plexation?

iv What is the applicability of current models of metal ion associa-
tion with polvanions to the systems investigated?

v Do the polyanionic sites show cooperativity in the binding of metal
ions?

vi Is a polyelectrolyte effect also manifest in the metal ion asso-
ciation with humic acid? Can it be guantified and taken into ac-

count in speciation?
1.3.2 Selection of materials & methods

To produce meaningful experimental results on the physical chemis-
try of the interaction of heavy metal ions with polycarboxylic acids,
careful selections have to be made with respect to materials and
methods.

Materials

The study of polyelectrolyvte effects in the association of metal
ions with humic material is one of our main objectives. Two samples of
humics of a different origin were selected: a soil-derived sample, here
named humic acid, HA, and a water~derived, fulvic acid, FA. The former
was obtained after soil extraction procedures, the latter was in a
natural state.

To characterize polyelectrolyte effects in general, three synthetic
polyacids were studied. Their functional group was the same as the
dominant functional group in humics, namely the carboxylate anion.
Polycarboxylic acids are frequently used as model substances for humic
acid (Khalaf et al., 1975; Anderson & Russell, 1976; Aral & Kumada,
1977a; Young et al., 1981, 1982).

Samples of a differing molecular mass of the simplest of this se-
" ries, poly(acrylic acid), PAA, were used. In addition, poly(methacryl-
ic acid), PMA, was studied. An additional methyl group in PMA, that is
missing in PAA, generates a slightly different chemical environment
for the functional group. Moreover, at low charge densities, PMA
retains a more compact conformation than PAA, due to the methyl group
(Arnold & Overbeek, 1950; Leyte & Mandel, 1964; Ben-Naim, 1980).
Finally, a copolymer of methacrylic acid and its methyl ester was
investigated. This substance, which may also be considered partially
esterified poly(methacrylic acid) and will henceforth be abbreviated



as PMApe, has a lower average charge density than PMA, at the same
degrees of neutralization. This copolymer has been studied previously
in this laboratory by potentiometric titration methods and rheological
techniques (Bohm & Lyklema, 1975; van Viliet & Lyklema, 1978, 1979;
Ralston et al., 1981}.

By way of comparison, low molecular mass analogues of the acrylic
polyacids, wviz. 2-methylpropancic and butanedioic acid, were also
tested as ligands in heavy metal complexation.

The heavy metal ions of Cd, Pb and 2Zn were selected because they
are:

i detectable by polarographic techniques;
ii of environmental importance:
iii able to form complexes.

Generally, the complexation behaviour of Cd{Il) is much the same as
that of Zn(11), whereas for Pb(II) it is rather different. Other met-
als, viz. Ag(I), Ba{(ll), Cu(ll) and Al(1II), were incidentally studied
for-comparison. All metals were used in the form of their nitrates.

Methods

A wide variety of technigues can be employed to study metal/poly-
electrolyte interaction. Electroanalytical methods were selected be-
cause of their special suitability for speciation, down to low concen-
tration levels: Amcng these methods, voltammetric techniques such as
normal pulse polarography, are distinguished by their very high sensi-
tivity and selectivity.

Although the (pulse) polarographic response to metal ions in the
presence of simple ligands is well understood, the presence of poly-
meric ligands may give rise to a less clear-cut interpretation. Com=-
plications are connected with the binding mechanism involved, experi-
mental limitations, and polymer adsorption. Additional independent
information was obtained by conductometry and potentiometry (to deter-
mine H'- and Cd2+-activities) in similar systems.

Polarography selectively detects a fraction of the metal ions, and
interferes with the equilibria in the sample solution. Conductometry
responds to net effects of all ionic species in solution, and does not
disturb the equilibria. Potentiometry measures the activity of one
particular ion only, without affecting the equilibria in the solution.

The different methods yield complementary information, so that
their combined use strengthens the basis of our conclusions.
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Viséosimetry and spectroscopic techniques were used in a limited
number of auxiliary measurements to check the relative viscosity of
some sample solutions, to determine the carbon content of the humic
material, and to ensure the absence of interfering multivalent metal

ions in the natural fulvic acid sample.
1.3.3 Variables investigated

The selected systems were systematically studied with respect to

three variables:

i the metal/ligand concentration ratio, M/L;

i1 the degree of neutralization of the polyacid, a i

iii the concentration of added 1:1 salt, -
These variables control the electrostatic effects exerted by the poly-
ions.

Association of a metal ion M with a charged functional group L will
decrease the effective charge of the polyion. Therefore a subsequently
added metal ion may be associated less firmly if electrostatic attrac-
tion is involved. Such a decrease is studied by changing the M/L
ratio.

The charge of a polycarboxylic acid molecule is directly related to
the number of carboxylic groups that have been deprotonated. In this
respect, o is a master variable.

For polyacids, the effect of added 1:1 salt on the metal ion asso-
ciation is more complicated than for simple ligand systems. The dis-
tances separating the charged sites on a polvion are often small, and
more or less fixed, not dependent on the concentration of simple salt.
But the Debye-Hickel screening parameter, a measure of the extent of
mutual electrostatic interaction, is affected by the concentration of
simple salt. Therefore, the screened coulombic fields of the individual

groups con the polyion will overlap even at high ¢ Due teo this per-

" sisting overlap, the classic Debye-Hiickel approac;-for activity coef-
ficients is not walid in the case of ion-polyion interaction. In sys-
tems with added 1:1 salt, the effective charge density of the polyion
may alsoc be decreased by association of monovalent metal ions. These
interferences with divalent metal ion association were studied by

changing -
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1.3.4 Description of contents

Chapter 2 contains a concise survey of current concepts and models
in metal ion association with polyelectrolytes. Two competing electro-
static models are described in more detail: the 'condensation' model
by Manning, and the 'accumulation' model by Guéron & Weisbuch. Infor-
mation is given on the heavy metal icns and the synthetic polycarbox-
vlic acids used. A review of relevant literature, up to and including
1982, on divalent metal/polyacid interaction is also incorporated in
this chapter.

In chapter 3, the materials used and the experimental strategy are
described. Fundamentals of the electroanalytical methods are explained,
and interpretations of the responses are considered.

In the chapters 4-6, the experimental results for the synthetic
polyacids are presented and discussed. Chapter 4 is predominantly
focussed on the effects of M/L variation. Chapter 5 is mainly devoted
to the influence of o, and chapter 6 comprises the results of chang-
ing c- The results are discussed against the background of polyelec-
trolyte effects.

Chapter 7 is dedicated to the interaction of heavy metal ions with
humic and fulvic acid. The experimental results are discussed with re-
spect to the nature of the interaction.

Chapter 8 contains a recapitulation of the main results.
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2 M{II)/POLYECTROLYTES: THEORY & LITERATURE
2.1 GENERAL
2.1.1 Interactions in metal/polyacid solutions

In the present study, the samples typically are dilute agueous solu=-
tions containing a partially neutralized polycarboxylic acid, a diva-~
lent metal nitrate and/or a monovalent metal nitrate. Thus, schemati-
cally, a sample may contain the following basic species:

(1) -CO0™, (2) -COOH, (3) R-, (4) M°T, (5) M*,
(6) H", (7) H,0, (8) OH™, (9) NO; (2.1)

In this series, R- represents the alkyl part of the repeating unit.
Interactions that are relevant in the physico-chemical characteriza-
tion of the association of M2+ with -CO0~ will be considered briefly.
(1) -coo”

The intramolecular charge-charge interaction between the carboxy-
late groups is most important. In common polyelectrolytes, the charge
spacing is so0 short that the electric fields around the groups overlap
substantially, even at high ionic strengths. By definition, polyelec-
trolyte effects originate from this type of interaction.

The overlapping fields give rise to a high potential at the polyicn.
As a result, counterions are attracted to the polyion, and their con-
centration may reach dramatically high local values (Manning, 1978b;
Guéron & Weisbuch, 1980). Another consequence is the stretching of the
polymer due to the mutual repulsion of the charges. This change af-
fects both the charge spacing and the chemical micro-enviromment of
the functional groups.

(2) -COOH

The weakly acidic carboxyl group, in which the proton is covalently
bound (Manning, 1981b), is uncharged. As a result of the deprotonation
of -COOH by added KOH, the functional group becomes charged. Covalent
binding of k' with -Co0~ is essentially absent (Mandel, 1967; Koda et
al,, 1982). Thus, the degree of neutralization is a variable to con-
trol the charge of polycarboxylic acids.
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{3) R-

Alkyl side chains of the polyacid can interact, and form hydrophobic
bonds. Generally, the longer the alkyl group, the stronger this type
of bonding (Dubin & Strauss, 1975). Hydrophobic bonding can result in
hypercoiling, that is the formation of a conformation more compact than
the random coil. A more compact conformation implies a shorter charge
spacing, and thus a higher local potential.

(2) »°*

The interaction between metal ions M2+

and CoO~ groups of the poly-
acid may range from purely electrostatic to fully covalent. The dis-
tinction between both types of interactjon is not unambiguous. The
convention is adopted here, that the free energy change of the asso-

ciation of M2+ can be written as the sum of two contributions. AG.

and AG ,: the former, corresponding with the intrinsic binding, i;ng
constant for a given system, whereas the latter, referring to the
electrostatic interaction, is a function of the polyion potential.

There is no agreement in literature on the definition of 'bound'
counterions in polyelectrolyte solutions {(Dolar & Peterlin, 1969; Man-
ning, 1979b). Although a spectrum of binding types exists (Eldridge,
1973), a two-state approcach is generally employed. In this appreach,
the metal ions are considered to be either bound or free (Manning,
1978a; Oosawa, 1971). Anticipating further discussion of the concepts
of 'binding', in § 2.2.1, the definition is adopted here, that 'bound’
counterions are those of which the self-diffusion coefficient is ob-
served to be equal to that of the much larger polyion (Nagdalenat et
al., 1974; Marning, 1979b).

(5) u*

The interaction of M' with the charged species in the samples is
two-fold. I1f M' is present in excess over M2+, the ionic strength is
doninated by the monovalent ions. As a consequence, they control the
magnitude of the Debye-Hiickel screening length K-l, which is a measure
of the distance over which charged groups 'feel' each other. For a 1l:1
salt solution, k™1 is given by:

=5
-1 _ ,&ekT -
Kt = ( === - c (2.2)
4 n e2 1
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where ¢ is the dielectric constant of the solvent, k the Beltzmann con-
stant, T is the Kelvin temperature, e the elementary charge, and c, the

concentration 1:1 salt. In water, at 25°C, the screening length K_l is
given (in nm) by:
k=96 . cT® (2.3)

1

with <, in mol.m-3. For poly(meth)acrylates, the g?arge spacing is
about 0.24 nm, and thus at ionic¢ strengths up to 10
trolyte effects are still expected. The activity coefficient of free
M*t is also related to k7!

The second function of M' is their electrostatic interaction with

2 Upon binding of M2+,

nol.m 3 polyelec—
, through c;-

the polycarboxylate ion, in competition with M
bound M* ions may be liberated. There is no agreement on the stoichio-
metry of this exchange process (Miyamoto & Imai, 1980a,b; Shimizu et
al., 198l}.

(6) H"
Protons interact with =CO0”, in competition with M
binding of M2+, the pH will change. The pH of a polycarboxylic acid

2+ and M. Upon

solution is a function of the Intrinsic acid strength of the RCOOH
group, and the effective charge of the polyion (Nagasawa, 1971; Man-
ning, 1981b}. The effective charge is the result of both the degree of
neutralization and the association of M2+ and M' with -co0~. In the
case of a (partially) covalent binding of M2+ with -C00~, the charge
of the polyion will also decrease, and the intrinsic acid strength of
neighbouring functional groups may be affected. Thus the change in pH
upon binding of M2+ with -C00” may be caused by different concurrent

processes.

(7) HyO

Generally, ionic species are hydrated in water. For peolycarboxy-
lates, the amount of structure water, in which the dipoles are highly
oriented, is 10-20 cm3 per mole RCOO , whereas for divalent metal ions
values up to 100 cms.mol-l have been determined (Conway, 1981).

Intimate metal/polyion association reguires (partial)} dehydration
of the reactants, resulting in a gain in entropy (Crescenzi et al.,
1974; Delben & Paoletti, 1974). Moreover, partial dehydration is ex-
pected because of the very large local concentrations of bound metal
ions.
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(8) on”
Relevant functions of OH are the neutralization of -COOH, and the

possible hydroxide formation with M2+.

(9) NOG
Coions are expelled from the polyion domain. Insofar the NO, ions
are not involved in inorganic complex formation with n*, they have no

direct consequences for the metal/polyion interaction (Manning & Zimm,
1965).

2.1.2 Polyion models

Polyelectrolytes are more or less randomly coiled in solution. The
charges are fixed on the polymef chain. If the ionic strength is not
too large and not extremely small, overlapping electrical fields around
the charges may be approximated as an overall cylindrical potential
distribution (Manning, 1972). The latter condition is generally obeyed
because of the polyelectrolyte concentration only. In the case of high
ionic strength, the approximation with smeared out charges may fail
(Nagasawa, 1974).

For the binding of counterions, only a short section of the chain
needs to be considered, so that the coiling of the polyicn may be ne-
glected. In this case, the cylinder model is generally considered to
be appropriate (Strauss, 1958; Katchalsky, 1971; Nanning, 1972; Naga-
sawa, 1974; Stigter, 1975; van der Drift, 1975). In this model, the
polyion is considered to be a thread or rod of infinite length. Calcu-
lated counterion binding parameters are, as also experimentally ob-
served, independent of the molecular mass (Nagasawa, 1974).

For a limited number of phenomena, such as polyion expansion, dif-
fusion and complex-coacervation, the coiled conformation is important.
In these cases, a sphere model is more appropriate (Nagasawa, 1974;

" Overbeek, 1976). In this model, the whole molecule is circumscribed by
a sphere. However, assuming a uniform distribution of charges in the

sphere, calculated counterion distribution around the sphere generally
depends on the molecular mass (Nagasawa, 1974).
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can be distinguished in solutions with charged polycarboxylic acids:

i
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COUNTERION ASSOCIATION
1 Definitions of binding
With respect to counterion association, three classes of metal ions
Ions that are fixed to functional groups by chemical linkage(s}):
these ions have completely lIost their original mobility. In the
present study, ions in this class will be identified as covalently

bound. Sometimes, terms such as site-bound, complexed or specifi~-
cally bound are synonymously used in the literature. Obviously,

the diffusion coefficient of covalently bound metal ions is equal
to that of the poclyion. Metal ions in this class (i) may reduce
the polyion charge in the same way as bound protons do. The forma-
tion of a covalent complex is primarily described by a coordina-
tion number j and an intrinsic¢ binding constant Kint' that is inde-
‘pendent of the polyion charge. In addition there will be electro-
static contributions to the overall binding constant. Frequently,
covalent bonds can be detected spectroscopically without ambiguity
{Nagasawa, 1974).

Ions of which the mobility is restricted as compared to the poly-
acid-free but otherwise identical solution: a spectrum of mobili-
ties may exist, ranging from almost completely immobile to virtual-
ly 'free'. This behaviour of the metal ions is mainly attributed
to electrostatic field effects. Depending on the polyion charge,
the counterion distribution may range from a diffuse Debye atmo-
sphere (or Gouy diffuse layer) to a compact Bjierrum or Stern-like
layer. The ions in class (ii) may be partially (de)hydrated. They
retain their full charge, and are associated with the polyion as a
whole rather than with certain carboxylate groups.

Some authors consider class (ii) ions as 'free', because of the
(limited) mobility or the absence of significant covalency (Marin-
sky, 1976; Guéron & Weishuch, 1980). Other authors consider all
class (ii) ions as 'bound' in a thermodynamic sense (Record et al.,
1976, 1978), or a certain part of class (ii) ions as 'bound' (MNag-
dalenat et al., 1974). This matter will be treated in some detail
in the discussion of the two-state approach. In the present study,
class (ii) ions are subdivided by a simple distribution over two
groups {'two-state approach'): a fraction of iong of which the
diffusion coefficient is considered to be equal to that of the
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much larger polyion, dencted as electrostatically bound, and a
fraction of ions which are considered to be free. By proposing
this subdivision, it is accepted that it is in principle possible
that different analytical methods see different bound and free
fractions. Sometimes, the electrostatically bound ions are called
'condensed' (OQosawa, 1971), 'territorially bound' (Manning., 1979b)
or 'atmospherically trapped' (Spegt & Weill, 1976}.

iii Ions of which the mobility is virtually equal to that in a poly-
acid-free but otherwise identical solution: class (iii) metal ions

are free.

In connotation with the distribution of the three classes of ions
over two states, the effective charge of the polyion is defined as the
charge on the polyion together with that of the bound metal ions.

The two~-state approach

The two-state approach is widely accepted (Anderson & Record, 1980).
Despite its rather approximative character, such an approach is claimed
to function well (Delville & Laszlo, 1983). In many discussions on
thermodynamic properties of polyelectrolytes it was pointed out that
part of the counterions behave as if those ions had reacted with fixed
charges to form associated groups, even though they are believed to be
completely dissociated (Nagasawa, 1974).

It generally appears from thecretical considerations of the counter-
ion distribution around a polyion, that the concentration ¢ (of class
(ii) ions) decreases sharply with the radial distance x from the poly-
ion cylinder surface. In the accumulation theory of Guéron & Weisbuch
(1980), which is not a two-state theory, the concentration ¢ initially
decreases almost linearly with x. At x=0, the concentration is called
CIV, the Concentration In the Vicinity of the polyion. The condensation
theory of Manning (1969a) is based on a two-state concept: the local
concentration of electrostatically bound ions ('condensed' ions) €lec
does not change with x up to RM' the radius of the cylindrical volume
around the polyion in which all condensed ions are present. These the-
ories will be discussed briefly in § 2.2.4. Anticipating that discus-
sion, fig. 2.1 represents schematically the counterion distributions
of the not-covalently bound ions in a 'continuous' and a 'two-state'
approach.
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FIGURE 2.1 Counterion distributions,
schematically represented, of not-
covalently bound metal ions.

Solid curve: continuous distribution;

Dotted curve: two-state approach.

concentration

radial distance

From an experimental point of view, the two-state approach is often
the only option to define a degree of metal ion association. Most ana-
lytical technigues cannot discriminate between counterions with dif-
ferent distances to the polyion, and the degree of metal ion binding
is usually determined by measuring the amount of free ions. Only in
some applications of NMR, bound ions can be operationally defined as
those which are within a certain distance from the polyion (Gunnarsson
& Gustavsson, 1982). In the present study, in which polarography., con-
ductometry and a Cd-selective electrode are applied, the change of
the limiting current, the conductivity and the electrode potential, as
compared to the same quantities in polyacid-free solution, are inter-
preted in terms of the degree of ion binding. These interpretations
will be discussed in chapter 3. The experimental parameters relevant
for these methods are the diffusion coefficient, the conductance and
the activity coefficient, respectively. They are interrelated through
the Nernst-Einstein equation. The parameters are affected by the bind-
ing of the metal ions with the polyion, each in a specific way. Conse-
quently, the methods may yield different results. Therefore, the bound
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metal ions, as determined by the techniques mentioned, will be distin-
guished as polarographically, conductometrically and potentiometrical-
ly bound, respectively.

2.2.2 Metal-polyion equilibria

The interaction of a divalent metal ion M with carboxylate groups L
of a partially neutralized polycarboxylic acid HL in the presence of
monevalent metal ions K, may result in covalent and electrostatic bind-
ing of M, and in the release of bound K and bound H.

At present, there is no theory for the distribution of bound coun-
terions over the subpopulations: covalently and electrostatically
bound (Manning, 1977a, 1979b).

The present experimental study of M/polycarboxylic acid systems is
focussed on the unravelling of the covalent contribution and the char-
acteristics of the electrostatic contribution to the binding of M. The
former aim will be achieved considering a covalent binding model, to
be discussed in § 2.2.3, in which the effect of the electric field of
the polyion is treated as a non-ideality of the system. The latter
purpese will be achieved by considering the experimental results for
the highly charged polyions against predictions of purely electrostatic
theories, in § 2.2.4, in which covalent contributions are neglected.

Although both modes of metal binding and the release of both K and
H are phenomena that occur simultaneously, there are specific ranges of
experimental conditions with respect to the variables M/L, anrand Cys
under which each of the phenomena can be separately analysed.

It is well-known that the apparent acid strengths of highly charged
polycarboxylic acids are much lower than those of the corresponding
simple acids (Arnold, 1957; Kagawa & Gregor, 1957). Anticipating the
results, we shall base the following analyses on the finding that the
release of H' upen binding of met by highly charged polyacids at low
M/L ratio, is negligible. Under this condition, the exchange reaction
for the binding of a divalent metal ion M2+ with a polyion ¢f v charged
ligands L te which u K+ ions are bound, can be written schematically
as:

2+ u-v 2+tu~v-w +
M + KuLv _— MKu_va + wK (2.4)

For low concentrations of the reactants, the equilibrium constant of
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this exchange reaction is (charges omitting):

(MK __ L J[K]¥
= —4E Y {2.5)

K
=% [M]{X L]
where brackets denote concentrations.
Kéx applies to a certain state of the polyion, viz. it must have a
charge density at which u ions K are bound.

There is sufficient evidence in the literature that alkali metal
ions interact almost purely electrostatically with polycarboxylic acids
(Roda et al., 1982; Cunnarsson & Custavsson, 1982). With this finding,
the formation of the covalent complex MLj(int) as a result of intrin-
sic binding of M with J carboxylate groups on an otherwise uncharged
polyacid, is conventionally written as:

M+ jL == MLj(int) {(2-6)
The intrinsic binding constant for reaction (2.6) is given by:

ML),
_ M5)ine (2.7)

K. . >
Nt d wy(rn)?

where parentheses denote activities. It should be noted that in
eq. (2.7} the effects of monovalent metal ions are incorporated via
the activity coefficients of the reactants. Evidently, the ligands are
also involved in the acid/base eqguilibrium.

The apparent metal association constant, as directly derived from

experimental data, is defined as:

X - Mliorar = Meree (2.8)
app. i j *

. ]
[M]free {L]free
where in brackets concentrations are denoted. The numerator of the
r.h.s. of eq. (2.8) is equal to the concentration of bound M. [L]free
can be identified with v~[KuLv].

For dilute systems, and high polyion charge, Kapp 4 can be related
to Kex' For j=1:
~ 1, . -w -
Kapp,l 25 Kex (K] (2.9)
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For dilute systems, and negligibly small degree of acid dissociation PR

{0y~ 0) = K (2.10)

Rapp, i int, 3

2.2.3 Covalent binding

In § 2.2.1 the convention was adopted that the change in free energy
of the association of heavy metal ions with polycarboxylic acids can
be written as the sum of a constant (intrinsic) term and an electro-
static term that depends on the electrical potential at the locus of

the binding. Consequently, log K is given by:

app, J

log K = log K.

int,j * & log K (2.11)

app., J
where A log K represents the potential-dependent term. The potential
at the binding site of M is dependent on a g and on the composition of
the solutien. In principle, log Kint,j can be determined by measuring
log Kapp,j at different values of oy and extrapolation to ¢, = 0 (James
& Parks, 1982).
A method to evaluate A log K is to consider this term as a measure
of the electrical work to bring a divalent ion from infinity to the

surface of the polyion, where the electrical potential is by

d

2.3 A log K = -2ey /KT (2.12)

An alternative way to formulate this method is to consider local equi-
libria between metal ions M in the thermodynamically bound and free

states (Marinsky, 1976). The local concentration in the 'free' state
[M]loc is assumed to be given through the BoiItzmann equation:

(Mly5c = [M] - exp(-2ey/kT) - ' (2.13)

where | is the potential at the locus of the binding. Going to the po-
lyion surface, § -+ b, and the fraction of the bound ions that is co-
valently bound becomes unity.

Starting from the Poisscon equation, a number of approximaticns of
¢5 have been made (XKatchalsky, 1971; Stigter, 1975; Delville, 1980;
Anderson & Record, 1980; Guéron & Weisbuch, 1980; Gunnarsson & Gustavs-
son, 1982; Bratko & Vlachy, 1982). According to Marinsky (1976) the
term 2e¢s/kT in eg. (2.12) can be experimentally determined at any ag
value, from the electric contribution to the free energy of the proton
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binding, as measured from the acid-base titraticn. In this approxima-
tion, it is assumed that b is the same for the proton and the metal
ion binding. The acid/base titration will be discussed in § 2.3.2. In
§ 5.3.2 the applicability of the approximation

24, . +
AGgy (M7} = 2 - 4G, (H') (2.14)
will be discussed against the background of the experimental results.

A second, more approximative method to determine K. experimen=-

tally, will be applied in chapter 4, on the results o;nﬁki variation.
The method will be discussed in detail in § 4.1.1. The basic concept
is that at sufficiently large M/L, the effective charge of the poly-
ion is low, as a result of the binding of M. Under these conditions,
the polyacid behaves as if it is not a polyelectrolyte. Then, the

change in pH is interpreted as the result of the substitution of co-

valently bound protons by covalently bound metal ions.
2.2, 4 Electrostatic binding

For the association of metal ions with highly charged polycarboxylic
acids, the elecirostatic contribution to the free energy may be much
higher than the covalent contribution. Under these conditions, the de-
a: M/L and cq
be compared, in selected cases, with the theoretical results from pure-

pendence of the experimentally observed binding on o can
ly electrostatic models.

In the development of polyelectrolyte theories, two different models
are currently employed to account for counterion binding. One model
starts from the concept of counterion condensation (CC), and the other
from the Poisson-Boltzmann (PB) equations. The basic assumptions, char-
acteristics and results of CC, as elaborated by Manning (196%a,b,c) and
those of PB, as elaborated by Guéron & Weisbuch (1980), will be briefly
reviewed below. A full survey of CC has been given by Manning (1978b),
and of PB by Guéron & Weisbuch (1979, 1980) and Welsbuch & Guéron
(1981). short reviews have also been published (Manning, 1972, 1979b;
Guéron & Weisbuch, 1981; Guéron, 1982).

For the cylindrical polyion, both theories rely on the dimension-

less line charge density parameter {, given by:

2

e
£ = Zmewm (2.15)
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where e is the elementary charge, & is the bulk dielectric constant,
k the Boltzmann constant, T the Kelvin temperature, and b the linear

charge spacing along the polyion chain.

Counterion condensation
The counterion condensation theory of Manning is based on the fol-
lowing assumptions.

i Systems for which £ exceeds a certain critical wvalue £ are

crit
thermodynamically unstable: counterions will 'condense' onto the

polyvion in order to reduce the value of £ effectively to gcrit.
For systems containing only one type of metal ion, with charge z,

£

crit 18 given by:

N =

£ =

crit (2.16)

If the number of ions condensed per charged group is 8, for z-va-
lent ions, the maximum value of ez is:

BZ = z (1 - ﬁ) (2.17)
ii Condensed counterions are present in a cylindrical volume around
the polyion. The local concentration of the condensed ions Cloc.z
in the condensation volume Vp per group, is independent of the
distance x to the polyion, and is given by:
8
= 2 (2.18)

cloc,z v
P

The diffusion coefficient of the condensed ions is assumed to be
equal to that of the polyion.

iii For the remaining effective charge on the ﬁolyion, the Debye-Hickel
theory is applicable, to calculate the electrostatic free energy
of the system.

By minimization of the sum of the mixing and electrostatic free

energy contributions with respect to BZ, expressions for Bz and vp as

a function of £, z and =N for systems with 1:1 salt are derived. A
number of these expressions are given and applied in § 2.4.2.
A remarkable prediction of the CC theory is the occurrence of crit-

ical walues of { for different valences of counterions. Consider a
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highly charged polyvion (£ > 1) in a solution in which initially only

monovalent metal ions are present. Some monovalent ions are condensed,

until Eeff = 1. Upon additjon of a divalent metal salt to the solution,
three regions can be recognized:

1. geff = 1. If the amount of divalent metal ions M is sufficiently
low, all M ions are condensed, and a number of monovalent metal
ions K may be condensed, to keep Eeff = 1;

2. 0.5 < § < 1. All M ions are condensed, no K ions are condensed;

eff

geff = 0.5. No K ions are condensed, and a fraction of the M ions

is condensed, sufficient to establish geff = 0.5.

Poisson-Boltzmann

Guéron and Weisbuch introduced the 1V, already mentioned in
§ 2.2.1, and assumed that the Boltzmann equation is applicable through-
out:

CIVz =c, * exp(-ze¢s/kT) {(2.19)

where c, is the bulk concentration of the z-valent ions. The second
assumption is that alsc the Poisson equation is applicable throughout.
The accumulated ions are considered to be mobile. The CIV is dependent
both on £ and the radius a of the polyion cylinder.

The PB differential equation has been numerically solved, using a
fourth order Runge-Kutta method. From the results, presented by Guércn
and Weisbuch, it appears that the local concentration of the metal
jons initially decreases sharply and linearly with %, down to a con-
centration of about 0.25 CIV. A remarkable result is the sum-rule,
valid at £ > 0.5: the sum of the CIV values of the ions with different
valence is a constant at a given charge density. The fact that the
total CIV is independent of the counterion valence is explained by the
better screening of the more strongly attracted ions with higher va-
lence. In an approzimative formula, valid for a cylindrical polyien in
low 1:1 salt, the sum is given by:

CIV = CIV, + CIV, + ... + CIV_ = —5— exp (-2.3/E) (2.20)
. 1 2 Z 2J_[azb

The sum-rule, in combination with eq. (2.19), directly implies that no
critical values for ¢ are foreseen. In mixed systems, no discontinu-
ities at § = 1 are predicted.



26

A scheme to calculate the values of C‘Iv1 and CIV2 at a given set £,

a, and concentrations =N and <, in the bulk has been published by

Weisbuch & Guércon (1981).

Comparison of the theories

A number of results from the two theories are mutatis mutandis the
gsame: for example, preferential accumulation (or: condensation) of di-
valent over monovalent cations is predicted by both. Moreover, in sys-
tems with only one type of metal ion, both CIV and Cloc 2T® claimed to
be rather insensitive to the concentration of the metal ions in the
bulk. Both CIV and Cloc

Activity coefficients of metal ions in polyelectrolyte solutions, as

may become very large, up to the molar region.

predicted by the two theories, do not differ significantly.

Differences between the models relevant for the present work con-
cern the distribution of counterions around the polyion, the im/mobil-
ity of the condensed/accumulated counterions, the occurrence of crit-
ical values of § in CC and the sum-rule in PB.

The counterion distributions, as assumed in CC and calculated in
PB, have been sketched in fig. 2.1. It is obvious that for high CIV,
the metal ions will form a rather ‘condense' layer around the polyion.
The concept of condensation has been corroborated by authors applying
statistical mechanics (Ramanathan & Woodbury, 1982), different elabora-
tions of solutions of the PB eguations (Anderson & Record, 1980; Del-
ville, 1980; odijk, 1983), and the Monte Carlc methed (IeBret & Zipm,
1984) to the problem of the counterion distribution. According to the
last-mentioned authors, counterion condensatien is a necessary conse-
quence of the proper evaluation of the PB equations.

If the assumption that condensed ions are immobilized is correct,
and if covalent interactien is negligible, the amount of bound metal
ions as experimentally determined, would correspond tc the amount of
condensed icns. In that case, the occurrence of critical values of £
can be established experimentally. A confirmation of condensation would
imply that the sum-rule is not generally valid. The existence of some

£

should also have consequences for the dependence of log K

crit app.a
on «4: a discontinuity would exist. However, no discrete wvalues of
gcrit are foreseen in the case of excess 1:1 salt {(Manning, 1974).

Thus, the most direct observation of the condensation phenomenon may
be made for the conductometrically studied salt-free systems rather
than for the polarographically studied solutions.



27
2.3 CHARACTERISTICS OF THE REACTANYTS
2.3.1 PAA, PMA, PMApe
The structural formulas of paly(acrylic acid), PAA, and poly(metha-
crylic acid), PMA, are given in fig. 2.2. In PMApe, a partially esteri-

fied version of PMA, about one-third of the carboxyl groups had been

randomly converted intc methylester groups.

CH,
CH, — CH CH, —C
I
COOH |, cooH |, FIGURE 2.2 Structural formulas of
PAA and PMA.
PAA PMA

Detailed descriptions of the synthesis and properties of these poly-
acids have been given by Bchm (1974).

Dimensions

It follows from molecular models that in the stretched conformation
of isotactic and syndiotactic PAA, the monomer length b is 0.22 and
0.26 nm, respectively (Sasaki & Minakata, 1980), whereas for PMA the
corresponding values are 0.23 and 0.24 nm (van der Drift, 1975). The
radii of the unhydrated polyion chains are ~ 0.3 nm for PARA and
~ 0.4 nn for PMA. Because of hydration of polycarboxylates (Begala &
Strauss, 1972; Conway, 1981; Ueberreiter, 1982), the effective radius
is larger than the anhydrous radius. Sometimes, it is set at 0.5 nm
(Sasaki & Minakata, 1980). The partial volume of unhydrated PAA is
about 40 cm3 per mole monomer, slightly dependent on LR For PMA it is
about 44 cm+mol”l
(Conway, 1981).

In the present study, the measurements were frequently performed

at o4y = 1, but it decreases significantly with o4

with a polyacid concentration of ~ 2.5 moles functional groups per m3,
and ~ 50 mol-m_3 added 1:1 salt. Assuming a regular packing of paral-
lel cylinders, the distance separating the cylinders is about 28 nm.
For comparison: the radius of the condensation wvolume is predicted to

be ~ 1.5 nm at aq = 1.0 {Manning, 1977b), and k"l is 1.4 nm.
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Conformations

The conformational transition of PMA and PMApe (and its absence for
PAA) from a compact to an extended structure, at a certain charge den-
sity, is well-known, and has been extensively described (Leyte & Mandel,
1964; Bchm, 1974; Dubin & Strauss, 1975; CGustavsson et al., 1978; Ben-
Naim, 1980). Hydrophobic forces originating from the methyl side chains
promote a compact polymer conformation, whereas repulsive electrostatic
forces conduce the expansion. The enthalpy of the transition is in-
creasingly positive with temperature, demonstrating the hydrcphobic
character of the interaction (Delben et al., 1972). Adsorption of the
polymer may facilitate the transition to the expanded form (van Vliet
& Lyklema, 1978). Accor&ing to Nagasawa et al. (1965), PMA is less
flexible than PAA as a result of the more hydrophobic character of the
former.

Recently, it has been discovered that PAA shows a gradual change in
conformation with o4 {Koda et al., 1982; CGunnarsson & Gustavsson,
1982). This finding would agree with the observation that often the
charge density of PAA appears to be larger than gstr' that is the
structural charge density calculated on the basis of the stretched
conformation (Liguori et al., 1959).

2.3.2 Protolytic properties

General

The neutralization of polycarboxylic acids with bases yields poly-
ions which become increasingly charged, expanded, hydrated, and asso-
ciated with counterions as the deprotonmation proceeds. All of these
processes are interrelated and influence the dissociation equilibrium.
The apparent acid dissociation constant is defined as:

1 - LF)
= pH + log = (2.21)
d

PRapp, a

where o4 is the degree of dissociation. In the case of polycarboxylic
acids, pKapp,a is not a true constant. Experimentally, pKapp,a is found
to be dependent on LF (Arnold, 1957), the polymer cencentration ¢_ (Na-
gasawa et al., 1965), the 1:1 salt concentration = (Oth & Doty, 1952),
the composition of the polymer backbone and side-chains (Bloys van
Treslong, 1978), the valence (Katchalsky & Spitnik, 1947) and the na-~

ture (Kagawa & CGregor, 1957) of the cations present. Generally, pKapp a
?
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is split up in a constant term pKa and a term A.pKa accounting for the
variable factors:

PK = pKa + ApKa {(2.22)

app.a
where Ka is the acid dissociation constant for ag 0. Ka is conven-
tionally defined as:

+

_ [RCOOT(H) |,
K, = L“TEEﬁ%%T_l iag» 0 (2.23)

where in brackets the concentration, and in parentheses the activity
is denoted. At low c_ and €y Ka can be identified with the intrinsic
acid dissociation constant of the monomeric unit.

The non-ideality term ApKa comprises all the factors that are di-
rectly or indirectly dependent on the polyion charge, i.e. it includes
both long-range and short-range coulombic effects.

a

The ad dependence of pKa
L
According to Nagasawa (1971), ApK, is a measure cof the electrical
work per mole, AGel to remove a proton from the surface of the polyion

to infinity. At any aq value:
2.3 - ApKa = ﬁGel/RT (2.24)
where R is the gas constant. Alternatively, ApKa can be expressed by:
2.3 - ApK_ = -ey_/kT (2.25)

where Vg is the potential at the proton binding site. Egq. (2.25) dem-
onstrates that the titration with base is an experimental procedure
of charging a polycarboxylic acid molecule. Eg. (2.25) has been used
by Torrence et al. (1971) to calculate activity coefficients of poly-
ions, and by Marinsky (1976} to assess the accumulation of metal icns
in the wvicinity of the peolyion. We will use eq. (2.25) in comparison
with eg. (2.12), for example to calculate coordination numbers in the
metal complexation (§ 4.4.1), to estimate the covalent contribution in
the complex formation (§ 5.3.1), and to assess the polyelectrolyte ef-
fect of humic acids (§ 7.4.1).

A number of theoretical models have been applied to calculate ApK,

or ¢y as a function of « For the cylinder model of the polyion, the

4







