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ABSTRACT

- In order to improve our ability to predict sorption reactioms,

the rates of copper sorption on kaolinite were measured to determine the

nunber and type of mechanisms responsible for trace metal sorption on

1 : - : : : PR .
clay minerals. Trom a theoretical consideratiom of Cu chemistry and
Raolinizte su:facs\proper:ies, it is probable that copper sorption is
controlled by several mechanisms, with different sorption rates. These

mechaanisms include nonspecific coulombic attraction, coordination to one

or two surface sites, induced surface precipitation, structural

+7

penetration, and sorption in&uced by kaolinite agglomeratiﬁn. Cu
sorption on kaolinite, in a 0.05 Y KNO3 medium at pH 6.2, was followed
with a specific ion electrode for up to 2.5 weeks. The kinetic data

revealed an instantaneous sofptionﬁ occurring within the first 1 to 3
seconds, followed by four concurrent first-ordér reactions: The mean

rate constants of the first-order reactions are 0.7 & 0.7, (8 = 4) *

1073, (14 £ 6) % 107, and (9 £ 6) * 1077 (min. D).
In ovder .to characterize and identify the apparent mechanisms
resolved by kineiics, experiments were design;d to test the properties
of Cu sorbed on kaolinite. These tests included (i)va{ying the salt
concentratien (2)changing the pH, (3)measuring r.he-H+/Cu+2 exchange

+2 64 +2
s Cu , nitric

»

4+
ratio, and {4)desorbing Cu 2 with water, Sr
acid and cyanide. The results of these tests indicate that the

instantaneous sorption Is caused by complexation to surface sites, with

a small amount of nonspecific sorption. The first-order reactions are

iid
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attributed to surface induced precipitation, coordination to.two surface

_sites, and Cu fixation in the kaolinite'structure. Copper sorption
1
induced by centrifuging suggests that when clays are agglomerated, as in

a clay floe, metal sorption may be enhanced. Sorption mechanisms

observed on kaclinite may be applied to other clays, if differences in

surface properties are taken into comnsideration. -
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CHAPTER 1

INTRODUCTION

GENERAL BACKGROUND

The subject of this thesis considers the transfer of metal lomns
from an aqueous phase to a solid. Several terms have been coimed to
descTibe this phenomenon. Adsorptiom is defined to be the attachment of
a dissclved species to the surface of a solid. If the dissolved
component enters the interior of the solid through a defect or a network
of capiliaries then absorp:iion takes place. Ia many cases both
adsorption and absorptiom occur simultaneocusly, or it is not clear
whether the dissolved species stays'on‘the surface or enters the solid.
The term sorption is very useful in this situation because it does not
specify the location of the sorbed species,

The maximum concentra;ions of dissolved ifons in natural waters
are determined either by dissolution/precipitation equilibria or by
sorption reactions. Sorption and precipitation are often difficult to
disiinguish because operationally they give similar results,
particularly 1if the precipitating phase is not readily visible. The
concentrations of many ions are.in equilibrium with-identified minerals.
However, concentrations of some ions, such as the heavy metdls, are
apparently undersaturated in sea water with respect to natural minerals
which contain them. This undersaturation can be explained by sorption

reactions in sediments and in the water column {(Parks, 1975). Even when
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precipitation is the_gggiggnf"ﬁthggiiy surface reactions may affect
this process by adsorbing other ions which enhance or inhibit the
formation of new minmeral at the solid surface. Sorption reactions may
promote precipitation of some metals from waters which are
undersaturated in these metals. For example, consider the migration of
dissolved gold complexes through a hydrothermal vein. If these. gold
complexes are locally concentrated by adsorption onto a positively
charged surface of a chlerite they might become supersaturated with
respect to native gold. When the gold is observed in the resulting
quartz vein there is no clue to a sorption reaction.

Sorption reactions have a profound influence on the chemistry of
natural waters because they are one of the principal mechanisms of
controlling ion concentrations. In many cases they may also influence
another principle mechanism, nanely precipitation.‘ Therefore, when we
study the natural eavironment we should not forget the possible effects
of sorption reactions. The level of toxic metals and organic compounds
which are available to - plants and animals is reduced by sorption
processes. The disposal of radionuclides requires a repository which is
surrounded by a buffer material with a high soxrption capacity for
escaping radionuclides (Dayal et. al., 1979; Wilsom, 1980; Bigd, 1979).
The purification of ocur water supplies depends upon absorptioﬁ in beds
of activated carbon. The understanding of sorption mechanisms is
important to agriculture because sorption reactions can determine
whether the amounts of nutrients and metals available to crops are at a
level which is either deficient, just right, or high enough to be toxic.

The availability of metals and nutrients to crops will eventually have
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an effect on the health of the animals or humans which consume these
crops (Jackson and Lim, 1982). Other fields of study which are affected
by surface reactions include geochemical prospecting, ore deposition,
weathering and diagemetic reactions. Even in the laboratory one must be
careful qf adsorption onte contaiuer walls, espegiélly when working at
trace councenirations.

Since so many fields of study are affected by sorption directly
or indirectly it Is important to understand and quantify as many of the
common adsorption reactions as possible. Ideally reseafchers who must
cope with sorption should have access to a data bamnk of distribution
coefficients which can be applied to a wide Eange of conditions with
confidence. Unfortunately with our present knowledge it is not possible
to compile from the literature a reliable bank of distribution
coefficients which can be applied to general cases because we simply do
not understand enough about adsorption mechanisms. Usually sorption
isotherns measured under one set of concentrations and solution
conditions do not work for a different set of conditions. Mathematical
models have been éonétructed to describe adsorption as a function of
concentration and pH, but they are usually not successful for a
unjiversal set of conditions. The onrly way to successfully predict
sorption for a new set of conditions is to have a thorough understanding
of the mechanisms iaovolved. The ability to predicti sorption behavior is
particularly important if we are dealing with a dynamic environment,
such as an estuary, in which we must model adsorption as a function of

changing conditions.



Interest in transition metals stems from the fact tha: they have

an importance in the mining industry, and they can be toxic to living

-

things if available in excess, while at the same time a minimum amount

e

must be present for proper nutrition. Since transition metals are of
considerable interest in environmental studies their sorption properties

should be properly characterized. oL

[ 5]
»
»

the early work on soil sorption reactidbns it became apparent

that ion exchange reactions were controlled by fine particles in the

clay size fractiom (Way, 1852). Clay sized garticles have a very larze

surface area available for sorption which leads one to think of clav

solls. Clay minerals by themselves may not have as high exchange

capacities as some of the oxides and hydroxides of Si, Al, Fe and Mn,

but because of their large volume clays still provide a large storage

; . »
capacity for metals. Also clay.minerals may act as a substrate for
=

-

coatings of oxides, hydroxides and various organics which may give clays
an apparent high sorption capacity (Jenne, 1977). Thereforé, if one
wants to model the sorption properties of a sediment or soil one must

start with a knowledge of the sorption characteristics of clay mineral

surfaces.

Since one of the chief approaches to invgstigating serption
mecha;isms in this study was kinetics, it was necessary Lo use an
anélytical tool which could measure metal sorption quickly and without
disturbing the clay suspeunsion. The best analytical tool to meet these

criteria is the specific ion electrode which can measure the activities

{
of certain ions in their uncomplexed form. At present, copper and
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silver are the only transition metals which ca be megﬁurza at low
levels with specific ion electrodes, and of these two copper was chosen
as the model transition element. In the first transition series copper

forms the strongest bonds with oxygen and therefore would be the most

likely to test acy binding mechanisms which involve the formation of
oxyéen boads at the clay surface. Since the dominant copper speciiiﬁin
solution will be the Cu(II) ion this metal will also be able to test-
nouspecific binding mechanisms controlled by electrostatic attractien.
Kaolinite is chosez as the model clay for this study because
compared to other clay types it can be obtained in a form which is
usuvally well crystallized and free of impurities. The kaolinite
structure and chemistry have been well characterized. Kaolinite's
structure does not swell because the interlayer regions of thi; clay are
not hydrate& with wa{er molecules. Therefore, the sorption process will
not be complicated by a large percentage of catioms slowly diffusing
into the interlayer regions. Kaclinite is a 1:1 clay whose structure
cousists of layers made up of ome Si sheet in tetrahedral coordimation
and one Al sheet with a gibbsite structﬁre. Other clays sucﬁ as illite
and montmorillonite have a 2:1 type structure with two tetrahedral
sheets sandwiching one gibbsite sheet. The ideal composition of
kaolinite is AlaSiaolo(OH)s‘ Kaolinite compositions do not vary
greatly from the ideal and since there is not very much isomorphohs
substitution the kaolinite structure has a low negative charge imbalance
compared to the other clays. Therefore, kaolinites have a low cation

exchange capacity (typically 1 meq/100 g) with respect to other clays

such as montmorillenite which may have exchange capacities over 100
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.
meq/100 g. Although kaolinite has a lower exchanée‘;apacity and a 1:1
type structure it does share common surface types with the other clays.
These surface types include the unreactive basal oxygens of the
tetrahedral layer (kaolinite faces), the broken bonds of the tetrahedral
sheet_(edges), and the broken bonds of the octahedral layer (edges).
The other clays display these surface types in different proportions
compared to kaolinite. If the proportions of these surfa;e types
exposed on the other c¢lays are known and if the sorption properties of
these surface types are characterized on kaolinite then the sorption
properties of the other clays could 'also be predicted. There{ re, the
strategy of this stu&y will be to examine the sorption mechanisms of a
well characterized clay with the aim of using these results to predict
sorption behavier on other clays. | -

[

GENERAL SORPTION PROPERTIES

Ky

The purpose of this section is to cutline some general properties
of metal sorption and some factors which should be considered in
expefimental design. Any sorption theory must be cousistent with all
the observed sorption properties. .The sorption of metals is very
pH dependent with sharp increases in adsorption between pH 5 and 8
(0'Connor and Kester, 1975; Payne and Pickering, 1976; and Farrah and
Pickering, 1977). This sharp increase in sorption over a narrow pH
range has been called -the sorption edge. At very high pH sorption may
decTease again because of the formation of soluble hydroxyl species.

The effect of pH appears to be greatest for kaolinite and illite, and

less for montmorillonite. The pH may affect sorption by (1) the effect
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of E' as a counter lon in nomspecific adg;rption, (2) the dependence
of some surface qhargés on_ﬁH, k3)the dissolution of Al ag low pH, and
the effect of H' on the complexing capability of surface sites and the
precipitation of hydroxides. The presence of complexing ligands will
‘complzcate sorption Teactions, particularly their relationship to pH
(Farrah and Pickering, 1977). Ligands can reduce sorption by keeping a
.metal in solution or they may emhance adsorption if the ligand has an
afficvity for the surface. |

The sorption of trace metals is reduced in ﬁhe presence of salt

-

solutions, but it is not eliminated (0'Connor and Kester, 1975 aad

-~
-

.Garcia-Mi:agaya and Page, 1976). As the salt comcentration is~inc:ed€e5
trace metals held by nonspecific electrostatic forces will be displaced
by the major salt catioms. i"I'hf:'. amount of divalent metal iom held by
nonspecific sorption in the presence of a salt solution can be ﬁredicted

-
»

(Babcock, 1963). If the quantity of sorbed metal exceeds this predicted
value, as in the case of trace metals in sea water, then specific
chemical sorption must be significant. Sea water can also reduce the

-y
sorption of a metal if the metal is complexed by the chloride iom such

aS'§n the case of Cd.

Sorption is alsq a function of sorbate concentration as
illustrated in figure I-1.. In some cases if the metal concentration is
very low or if the concentration range of interest is not large, the
amount of sorbed metal may increase linearly with metal concentration in
sslution. In this simple situation the sofption isotherm can be
described by a distribution coefficient given by the ratio of sorbed

metal to metal still in solution. Distribution coefficients have been
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used to describe metal sorption in marine sediments (Aston, 1973) and on

.

clays when the metal concentration is low (McLaren, 1981, and Imskeep

and Baham, 1983).

Amount Sorbed

[Cul - ~[Cul | [Cu]
a) Linear b) Freundlich ¢} Langmuir

Figure I-1. Adsorption isotherms. a) linear distribution coefficient.
b) Freundlich. <¢) Langmuir. :

N

When sorption on clays is measured over a wider range of metal
concentrations it is often found that the amount of sorbed metal is no
longer linear with metal concentration in Solution‘(figure I-1b).
Sorption isotherms.which are curved and do not reach a sorption maximum
can be described by the empirical Freundlich equation. Some
applications of Freundlich isothernms describing metal sorpfion on clays
are given by Inskeep and Baham (1983), Heydemann {19593, and
Garcia—Hiragaya (1976).. Sometimes when the metal céncentfation in
experiment§ is high an adsorption maximum is reached, after which higher
concentrations of metal in solution do not lead to more sorption (figure

I-1c). These isotherms often can be described by the Langmuir equation

which includes a term for the sorption capacity and a constant which



Tepresents the energy of sorption. Applications of Langmuir equations
are given by McLaren et al. (1973), Guy et al. (1974), Du Plessis et al.
(1971), Ferrell et al. (1978), Payme and Pickering (1975), and Harter
(1979). The Langmuir equation can be expanded to include several sites.
with differeat sorption capacities and binding coustants, and it can
account for competition between different ious (Steger; 1973). Appendix
I is a summary of various mathematical models used to describe sorption
isotherns. .

-

There are other factors which should be considered when designing
and interpreting sorption experiments. Surface area is very important
to sorption because the amount of area at the interface ultimately
determines the quantity of sites available for adsorption. Surface area
is determined by a mineral's crfétallinity, surface morphology and grain
size. Therefore ome has to make sure that experiments refer to similar
surface areas before differences in measured sorptiom are attributed to
other surface properties. It has been observed that the concentration
of sorbed metals decreases as the concentration of solid particles is
Increased, particularly in suspensions with low solid/liquid ratios.

Our choice of experimental solid/liqui& ratio is limited by the need to
have enough solid to produce a measuradble change in solution metal
concentration. In salt solution clay particles coagulate into flocs
which may affect the sorption process by either blocking sorption sites
or by enhancing sorptiom by raising metal concentrations im the
interstitial water of the clay floc. Another problem encountered by
sorption studies om clay minerals is the purity of the clay sample. It

is possible that sorption is masked by the presence of surface oxides of

q-
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Fe, Mo or Al and/or surface comp;exing ligands iJenne, 1977 and Lim et
al., 1980). Procedures have been dev;loped for removing some impurities
(Ostram{ 19613 Fordham, 196? andAipderson and Jeunne,1970), but in some
cases severe treatments can alté} the clay surface and create new
sorption sites. -

TABLE I-1

: 4 ..
FACTORS IMPORTANT TO SORPTION REACTIONS

Parameter - Comment

1) pH §trong incTease in metal sorption in the mid pH
Tange.
2) sorbate concentration Depending on the concentration the increase in

. o . N
sorption can be linear or nonlinear with

concentration.

3) surface area Determines the #hount of available surface
sites.

4) éalt concentration Reduces nonspecific sorption.

5) complexing ligands " Can éeduce or enhance sorption.

6) clay purity Surface impurities can mask sorption.

7) clay pretréatment Can standardize a surface, but can also produce

artifacts. Sorption results can be affected by
the ﬁmount of time the clay is conditioned in
the experimental ionic medium.

8) flocculation : 'effects uncertain

9) seolid/liquid ratio \ Can affect sorption at low solid concentration
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Table I-1 summarizes some of the parameters which must be
considered in experimental design ;nd whiﬁh must be consistént with any
sorption theories.

It has become Epparent that sorption is not a simple process, and
there are differing views as to which mechanisms control sorption
properties. For example, McBride (1976) demonstrates that im his
experiments Cu sorbed on kaolinite is mobile and is held by
electrostatic attractions, while Farrah a&é Pigkering (1976) suggest
that in their experiments Cu méy be taken up by kaolinite by & surface
induced precipitation. This is probablf a good example of how
experiments carried out under different conditions can empbasize
different sorption ﬁechanisms and lead investigators to come to
differing conclﬁsions regarding the sorption of a given metal on a
certain mineral.

Ideas on the sorption mechanisms of metal ions £fall into several
gene;al categories. Most solid surfaces carry some sort of charge
resulting from either ionic substitutions in the structure or through
surface reactions. Therefore, the coulombic éttraction of ioms by
charged surfaces has received a great deal of attention and has resulted
in considerable use of the bouy-Chapman theory of ;he diffuse double
la}er and the Stern theory of a sorbed surface monoyayer. Coulombic
attraction is considered to be an importaht mechanism in cation exchange
reactions. There had been great hope that sorption models based on
coulombic attraction would have had great predictive power. However, ;n

many cases it became obvious that coulombic attraction cannot be the

driving force since trace metals can be sorbed in the presence’ of
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concentrated salt solutions and positively charged metals can sorb onto

positively chaxged goethite. These observations are evidence’ for the

existence of chemical sorption reactions which are specific to certain

-

metals. These specific chemical interactions with the surface may

iovolve complexation to surface sites or may. result from surface induced

precipitation reactiomns. It has been observed that some metals can
become fixed by soils ﬁr cla; minerals. To explain this phenomenon it
is necessary to call upon some irreversible surface reaction or to a
penetration of the ﬁ%neral structure, making the metal inaccessible to
@mild acid treatment or complexatiom with stroug ligands in solution. j
Other sorptiom processes which involve combinations of the above '{-
mechanisms include sorption in the interstitial waters of clay flocs and
diffusion into capillaries of porous solids.

-

METHODS OF STUDYING SORPTION MECHANISMS

 Many approaches have been used in order to define sorption
mechanisms. One approach is to come up with theoretical models which
can rationalize sorption responses to changes in pH, salt level and
sorbate coucentration. Some studies have compared the relative affinmity
of some ions for given surfaces and proposed modéls which can explain
this affinity in terms of chemical differences between the competing
ions. Another approach assumes that tﬂé type of sorption Isotherm, or
the changes in the slope of the isotherm will tell us something about
the mechanism or mechanisms involved. This has led to thg development of
mathematical models which try to recreate sorption isotherms on the

basis of one or more surface sites. Sometimes these models iandicate the
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existence of several surface sites, but unfortunately these mathematical
models do not prove the existence of given mechanisms because the same
sorption isotherms can be reproduced by more than one model (Horel.et
al,, 1981). Howe%er, a4 more rigorous evaluation of sorption mechanism
is obtained whén sorption isotherms are considered together with the
effects of vafying physical parameters such as pH and salt
concentration.

There are other approaches for looking at mechanisms which de mnot
measure the amount of sorbed metal, but instead look at changes in the
metal's bonding environment or the effect of sorption on the clay's
structure. X-ray diffraction (XRD) has oftez been used to study the
effect of cation exchaﬁge oz the interlayer spacing of montmorilloniges
aad vermiculites (Grim, 1968). Iafrared spectroscopy (IR) has been used
to study the changes in the orientation of clay hydroxyls as the
octahedral layers are pemetrated by sorbing cations (McBride et al.,
1974). Electron spin resonmance spectroscopy (ESR) has been used to
study the bonding enviroument of adsorbed copper. McBride (1976), used
ESR to show that Cu loaded onto kaolinite existed as square planar
complexes which could move freely on the surface. On the other hand Cu
sorbed onto Al hydroxides was shown to be either bonded to surface
oxygens or was precipitated at aucleation centers (McBride, 1982,
McBride et al. 1984). Although ;RD, IR, and ESR can tell us sometﬁing
about the bonding enviroument of a sorbed metal they may not be
applicable to trace element systems because these techniques require a

heavy metal loading on the clay surface to create measurable changes in

the mineral's structure and to have enough copper present for ESR work.
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To perform any measurements the clay must be separated from the
suspension‘and partialiy dried. The bonding conditions for a trace
metal in 2 clay suspension may be. totally different from those in a
partially dried clay plug tha£ has been saturated with metal.

Kizetic studies are anmother approach to the study of sorption
mechanisms. Most studies have ignored kinetics except for some
consideration of equilibrium time. Some reéearche;; have looked imto
the kiueticsAof sofption processes in order (1) to determine equilibrium
times, (2) to measure sorption rates toc be used in dynamic envirouments
where equilibrium cannot be reached, and (3) to investigate sorption
mechanisms. (Kurbatov,1949; Ahrlaad et al., 1960; Fordham, 1970; Fruh
and Lee, 1967; Malcom and Kennedy,J1969; McKenzie, 1972; McBride, 1982;
Inskeep and Baham,1983, and Harter and Lehman, 1983). ?rom these
studies it appears that sorption rates can be very fast (seconds) if
they invelve simple ion exchange, or they can be very slow (months) if
surface precipitation is involved. Tﬁe morerdetailed kKinetic studies
indicate that sorption may result from a combination of several fast and

slow reactions.

WHY USE KINETICS IN SORPTION STUDIES?

A reason for studying sorption and desorption kinetics is that
detailed kinetic studies of metal sorption on clays are lacking.
However, the best reason for using kinetics is that a kinetic approach
may give us valuable insight into sorption processes which classical
methods of studying sorption do not. . Mos; approaches to sorption

studies are essentially equilibrium studies which can be handled by



thermodynamics. Thermodynamics compare the energetics of the products

and reactants without considering any of the steps between the
transformation of product to reactant. .
.Measured rate constants and activation energies can act as
fingefprints for certain reaction types. Nonspecific sorption and
simple cation exchange are limited only by diffusion so that they have
very fast reaction times Tranging from instantaneous to several seconds. -
Surface precipitation reactions may last from hours to days, while
penetration of the mineral struﬁture or some surface fixation Teactions
may last from days to months. Activation energies for diffusion in water
wiil be less than 21 KJ/mole, while more difficult reactlons controlled
by solid state diffusion may have activation energies as high as 502
KJ/mole. When a reaction results fgom a combination of steps or
elementary reactions then the artrangement of these steps will determine
the kinetics. For example, if the elementary reactions are consecutive
then the overall rate will be determined by the slowest step. If the
reactions are parallel then the fastest steps will control the overall

rate.

If kinetics are considered in Llight of the effects of physical
parameters such as pH, metal concentration and salt level, and if the
structure and chemistry of the system is rigorously defined then

considerable insight might be gained into the mechanisms of metal

sorption on clay minerals.
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STATEMENT OF PURPOSE:

The purpose of this study is to improve our power to predict
sorption reactions by resolving sorption mechanisms with a kinetic
approach and relating the observed mechanisms to kaolinjte

crystal-chemical properties.

OBJECTIVES:

The following are the principle objectives of this thesis.

1) Identify thg number pf mechanisms responsible for Cu+2
sorption. Sorption kinetics and a close Examination of an ideal
kaolinite grain indicates the existence of several potential
sorption mechanisms. The existence of several sorption processes
may change our concepts of equilibrium and of modeling sorption
reactions. R

2) Relate the observed sorption kinetics to the crystal-chemical

properties of kaolinite. The sorption reactions resolved by
kinetics must be linked to kaolinite structure and chemistry. This
is fundamental to ;ndersta;ding sorption mechanisms. Once these
links are established we can predict metal sorption on kaolinite
minerals under a variety of conditions, and since other clays have
similar structures we can relate our sorption concepts to them.

3) A very important and practical distinction to make is whether

nonspecific coulembic mechanisms contribute significantly to

sorption or whether only specific chemical type reactions are

important. These two classes of sorpticn mechanisms have distinctly

different properties.
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5)

6)
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Establish the identity of specific chemical sorption reactions.
Specific chemical reactions may include surface coordination,
surface induced precipitation, and structural penetration. fhe type
of sorption mechanism will determine the rate of the sorption

Teaction, the sorption capacity and the desorption characteristics.

<

Study the reversibility of Cu sorption. Reversibility is an
extremely important aspect of sorptiom, and it is often overlooked
in the measurement of sorpticn reactions and in the application of
measured adscrption isotherms. Reversibility is a key factor in
crop nutrition, as well as the disposal of toxic wastes. Aside from
these practical considerations, reversibility is a useful tool for
studying sorption mechanisms bécause desorption studies indicate the
sﬁrength of the bonds which most be broken to remove Cﬁ from the
surface.

Raticonalize the effect of experimental factors such as

coagulation, solid/liquid ratio, and centrifuging on sorption

reactions. It has been noted that sorptioa decreases with
increasing sglid/liquid raties, and no reasonable theoretical
explanatioa has been presented to account for this phenomenon. In
salt solutions clays tend to coagulate and form clay flocs.
Although this process may alter sorption the effect of floculated

clay has been ignered in sorption studies.
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APPROACH:
(1) Chemical‘kineticsuare used to resolve sorption reactions with
the assumption that different mechanisms have different reaction rates.
Cu sorption. is monitored as a function of time and the data are plotted
as the logarithm of sorbed copper versus time in order to identify
pseudo-firstjorder reactions and their rate comstants. In order to
reduce reaction rates £o pseudo-ﬁirsq-ogder, parameters such as Cu+2,
pH, temperature and ionic sirength are kept constant.
(2) lThe apparent sorption ‘mechanisms resolved by sorptioﬁ kinetics
must be evaluated in light of potential reactlons which can be predicted
from fundamental chemical and physical properties of the kaolinite
suspension. In order to do this it is neceséafy to look at kaclinite
structure. The type and bonding properties &f atons found at a
kaolinite surface are determined by the ¢rystal structure and the mannmer
in which the exposed surface cuts the structure. Sorption mechanisms
. €an be postulated by considering the properties of Cu+2 ions in
solution and their ability to interact with the various surface types of
an ideal kaolinite grain. The interaétions between kaolinite grains in
suspension may also be considered when predicting sorption mechanisms.
(3) To evaluate the relative importance of specific sorption one must
look at the effects of experimental parameters on Cu sorption. The
theoretical amount of Cu+2 which can sorb by nonspecific coulombic
attraction can be calculated for the experimental Cu+2 and salt
concentration, and the kaolinite's caticen exahange capacity. Observed Cu
sorpticn which is in excess of the predicted Cu sorption must represeant

specific adsorption. A relatively high sorption dependence on pH
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distinguishes specific sorption from coulombic sorption which should be
independent of pH on minerals dominated by a constant charge. Finally
the results of the desorption studies indicate whether strong bonds musg
be broken to achieve desorption or whether tﬁe limiﬁing facﬁor is only
diffusion as in the case of nomspecific sorptioz.

(4) The various specific sorption mechanisms can be identified with

the help of sorption kinetics, desorption, and with carefully chosen

|.. -

“experimental conditions. Structural penetration can be distinguished by

its resistance to desorption and its slow sorption kinetics, lasting for
a mouth or more. Surface complexation may be faster (seconds) than
surface precipitation (minutes to hours) and it may be less prone to
desorption at constant pH. The ratio of H+ desorbed per-Cu adsorbed

can be used to distinguish between surface compilexation and induced
precipitation.

(3 The amount of Cu which is desorbed depends upon the method used
to reverse the sorption process. If the Cu is completely reversible as
predicted for nonspecific adsorption theh a dilution of the solution Cu
reduces the sorpéion to a level where the clay shows mo signs of having
been exposed to higher coucentratiéns of Cu. Cu sorbed by nonspecific
sorption is very sensitive to desorption induced by increasing the salt
level. Operationally, copper which has.formed strong bonds with the
surface can be be removed by a stromg Cu complexing ligand or by
acidifying the system to pH 2 or 3. Cu which has penetrated the clay
structure is not available to desorption and is therefore fixed. The
kinetics of the desorption process cam give some irdication of the

number of desorption mechanisms.
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(6) The achievement of objective 6 will require an understanding of
some of ;he basic'sorption mechanisms identified through objectiveé 2
and 5. The effects of centrifuging, coagulation and changing
solid/liquid ratia may be related in that they iavolve changes in
solid-solid interaction and increases in local c¢clay concentration
(formation of a clay floc). The induced sorption due to centrifuging is
characterized and then an analogy is made between a clay floc and a
centrifuged clay plug covered with the supernatant solution. Theories
which try to explain the effect of so0lid/liquid ratioc on sorption are
evluated in light of (1) observations made during centrifuge

experiments,_ (2) sorption kinetics and (3) the crystallinity of the

o



CHAPTER IIX

KAOLINITE STRUCTURE AND POTENTIAL SORPTION MECHANISMS

INTRODUCTION:

Idealiy we should have the capability of predicting sorption on
any‘mineral frpm its surface properties. Unfortunately the true surface
interactions with the ligquid ;re difficult to look at directly and must
be inferred from the overall effects on solution composition. Since we
camnot directly see the atoms exposed at the solid interface we must
predict the character of thg interface from something else such as the
crystal structﬁre. Surface properties must be directly related to
mineral structure because the solid interface is merely an interruption
of this structure. As pointed out by Devo?; (1963), the way in which a
surface cuts the crystal structure will determime the composition and
properties of the solid/liquid interface. This is true for the sheet
silicates whose composition along the 001 plane can be drastically
differeut from the composition at any edge face, cutting the main
structural sheets at right angles. Once we have derived surface
properties from'the‘crystal structure we should be in a positiom to
predict potential sorption mechanisms onto the mineral's surfaces. The
next task 1s to test the bredicted mechaniéﬁ&\and to establish whether
or not our concept of the surface is valid. Once we have linked sorption
properties to erystal structure for ome clay mineral we can export these

coucepts to other clay systems and predict sorption properties.
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The purpose of this chapter will be to first review the crystal
structure and chemistry of kaolinite a;a to look at their iﬁfluence on
the surface propérties of various kaolinite faces. ; The next part of
this chapter will discuss potential sorption me;I;iisms which can be
predicted from surface properties. The principle sorption mechanisms
which can be predicted inclu@e nouspecific coulombic adsorptiom,
specific chemical sorption in the form of surface complesation and
induced surface precipifation, and penetration of the kaolinite
Structure. Another form of Cu sorption which may involve some of the
above mechanisms is excess sorpﬁion due to the formation of kaolinite
flocs. The properties of these sorption mechanisms are outlined in the
final suvmmary section at the end of this chapter. The réader may refer
to this section to avoid reading this chapter or to get an dverview
before starting to read this chapter. T

-

STRUCTURE AND CHEMISTRY OF &AOLINITE:

The main structural sheets of clay minerals are made up of

-

layers of octahedrally coordinated aluminum or maguesium which are
attached to sheets of tetrahedraly coordinated silica and aluminum,
Since these octahedral and tetrahedral sheets are the basic building
blocks of clays they will be first described individually.

VThe basic octahedral sheet is usuélly made up of Al or Mg
(with minor Fe) which are in octahedral coordination with six hydroxyls
(figure II-1a). If aluminum is the main component the octahedral sheet
has a gidbsite structure with a composition of Alz(OH)6. Gibbsite

is domoclinic with a 2/w symmetty. It is dioctahedral because only two
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of every three octahedral sites a;g oécupied by aluminum. Magoesium
octahedral sheets have a brucite structure with a composition of
HSSCOH)G' |B£ucite is trigonal with ; 3 2/m symmetry. Since all

three octahedral sites are filled brucite is trioctahedral. The average
distance between hydroxyls in each octahedron is 2.94 angstroms. The
maximum radius of the cation which can fit into the space between the

hydroxyls is about 0.61 angstroms. The Pauling radii of A1+3 and

~

Hg+2 are 0.50 and 0;65 angstroms respectively. 1In a gibbsite sheet

the alumina are arranged: in hexagoms (figures II-3c and II-3d).

(@)

(b}

Figure II-1. The basic structural componments of clay minerals. (a)A
single octahedral unit and the sheet structure of the octahedral units
(Grim, 1968). (®)A single silica tetrahedron and the sheet structure of
silica tetrahedroms arranged in a hexagonal network (Grim,1968).

The tetrahedral sheet {s made up of Si, with some AL, in
tetrahedral ccordination with four oxygens (or hydroxyls). A single Si
tetrahedron (figure II-1b) will probably be coordinated to four
hydrsxyls in an aqueous medium, except at pH's above 9. When Si(OH)A
tetrahedra attach to other tetrahedra the oxygens which they share lose

+
their H . Therefore, when the tetrahedra have formed into a hexagonal
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sheet (figures II-1b and II-2) the bases of the tetrahedra will contain

oxygens while the apices may contain hydroxyls, unless they are
A T s

-

coordinated to another siligate structure th%odghfoxygen. Tﬁe‘ »
N . N ‘ T
composition of a tetrahedral sheet {s SiAOG(OH)A' In a

tétrahédrgp the average distance between oxygens is 2.55 angstroms,

o~

which allows a cation with a maximum radius of 0.55 angstroms into

tetﬁﬁhedralTcoordin&tion. ¢

Figure II-2 Double.chain of silica tetrahedrons projected on the placne
of the base of the tetrahedrons. {Grim, 1968)

-

When an octagedral sheet becomes attached to a tetrahedral sheet
two out o% five'octahearal hydroxyls are converted to oxygens which are
shafed by the apex positions‘of the tetrahedral sheet (figure II-4). 'If
“the hexagonal cell of thé tetrahedral layer is considered as a
rectangular cell with a and b dimensions, the theoretical value for b

4
can be calculated as'9.05 angstroms. The observed b dimgnsion fof
kaolinite 1s 8.95 angstroms, while for micas and chlorite it ranges from
9.2 to-9.3 angstroms. The D parameter for the octahedral framework is
calculated to be 8.01. Therefore, in‘order to £fit the octghédral aad
tetrahedral frameworks together there must be,sgvere departures ffoa ..

1deal geometry. To fit the sheets together the following things could

happen (Radoslovich and Worrish, 1962): (1) The hexagonal rings are

'
&
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d;storted by rotating tetrahedron (figure II-3). (ZjvThe otahedral
layer 1s expanded causing.a reduction of its thickmess and changing the
size of octahedral sites. Dioctahedral layers are more severly
:dlstorted. The cell dimension of the octahedral layer corresponds to an
equilibrium between (1) cation-cation repulsion across shared octahedral

edges, {2} anion-anion repuléion along shared edges and (3) catiom-anion

" bonds witQin octahedra.
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Figure II-B: Distortions in tetrahedral and octahedral lavers produced
when these layers are joimed in kaolinite minerals (Brimdley, 1961).

The kaolinite minerals comsist of layers made up of a single

tetrahedral and a single octahedral sheets joined by common oxygens
contained in a“plane (figure 1I1-4). The layers may be held together by
hydrogen bonding between the basal oxygens of the tetrahedral sheet in

one layer and the octahedral hyd:oxylsqgih ~t layer. The region

between kaolinite layers is not hydrated.
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Figure II-4. Structure of a kaolinite layer. (Grim, 1968)

—

Since the octahedral catioms are chiefly aluminum, kaolinites are
dioctahedral. Figure II-5 shows the arrangement of the three octahedral
gites with respect to a hexagonal ring of fhe.tetraheéral‘sheet. In a’
true kaolinite successive octahedral layers have a vacancy in the same
position C {(or B). This leads to a triclinic structure. Ia pootly
;;}stalline kaolinite the locatlion of the vacant site may vary. Dickite
differs structurally from kaolinite because the vacant site alternates
regularly between C aéd B in successive layers. This produces a two
layer monoclinic suéerstructure. Dickite could be viewed as a regular
alternation of right and left-handed kaolimite layers. Iﬁ the matural
enviroonment kaclinite may 9onsist_of a collection of variously deformed
individuals. Another kaolini;e minergl is anauxite whose unit cell

consists of six kaolinite layers. It has a ¢ spacing of 43 angstioms.

(Kaclinite's ¢ dimension is 7.15 angstroms.)

e
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Figure II-5. Normal projection onto (001l) of and undistorted 7 aagstrom
layer of space group Cm. The three possible octahedral sites are
labeled A, B, and C. (Grim, 1968)

.

Anauxite has a very high silica to alumina ratio. It may cousist
.of kaolinite layers sandwiching units of double silica tetrahedral
sheets. "The double tetrahedral laver is held together by sharing apex
oxygens. These sheets fit well with the kaolinite sheets because of
their similar size.

s LT ' +3 .

Kaolinite may acquire a permanent charge when Al substitutes

4 ‘ o +2
for Si in the tetrahedral layver and when minor amounts of Mg
+3 . :
teplace Al in the octahedral sheet. Some.researchers believe that
it could also have a variable charge on sone parts of its surface. The
.basal oxygens of the tetrahedral layer would not have a variable charge.
because their bonding is fully satisfied .and they would have no tendency
to acquire a hydrogen ion. However, when the octahedral and tetrahedral
layers are interrupted at edges unsatisfied bonds are created. To
. + . . . .

satisfy these bonds H will coordinate with ‘exposed oxyvgens at edge

sites creating a variadble charge surface. The hydroxyls on the surface

of an exposed.octahedral sheet may also have a tendency to deprotonate
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but their amphoteric behavior will not be the some as those hydroxyls

o

exposed at edges.

The structural composition of kaolinite is AIA(Siaolo)(OH)S’

1

which gives an ideal composition with 46.54 % §i0,, 39.5.% Al2 37

and 13.96 7% H,0. Kaolinites usually contain excess Si0, or

AL.O Langston and Pask (1969) showed that excess 510, was

2737
-

resent as amorphous silica (readily soluble) bounding kaolinite flakes

2

ies

together. Amorphous silica was believed to range from 0.2 o 27.5 T
EZxcess Al may substitute in the tetrahedral sheet, but it may also be
adsorbed on surfaces as a hydrdxide. Kaolinites also contain small
amounts of Fe203, Tioz; Mg0, Cao, KZO’ and NaZO. Mineral

impurities include quartz, anatase, rutile, pvrite, limonite, feldspar,
mica, montmorillonite, and various iron and titanium oxides. Migeral
impurities such as aﬁatase can be flocculated or dispersed iadependently
of kaolinite. Therefore, laboratory_pretreaﬁment will have an effect on
the amount of nmineral impd?ities remaining with the clay. Iron may be
present in iron oxides, éyrite, irpn titanium complexes, and in the
anli;ite structure as sﬁggested by leaching experiments. Maguesium may
be present in biotite, Fe-Ti o#ides, or it méy be adsorbed. OQther

+

' . . + + +2
exchangeadble surface cations include H , K', Na , and Ca ~. It

is possible that surface impurities such as montmorillonite and various

" -

oxides or hydroxides may significantly -contribute te kaolinite's ecation
¥ s Y

exchange capacity and .surface charge.



~26-

(L T T ririrne
' 001

Edges with reaction sites

Inert surface with basal axygens
of tetrahedra] layer

Hydroxyls of the gibbsite sheet

-

HE O E

Al, Si, or Fe surface coating

Figure II-6. Kaoliuite morphology and suzface types.

Often kaolinite can be found as well crystallized pseudohexagonal
grains as shown in figure II-6. The main structural sheets rum parallel
to the upper and lower faces. Therefore, these surfaces are made up
either of the inert basal oxygeas of the gilica layer or the relatively
irert hvdroxyls of the gibbsite lay;r. The edge faces interrtupt the
main structural sheets so that the edges become a chemically active
surface with exposed oxygens or hydroxyls which are coordinated to Si or
Al. Since the hydroxyls at the edges are coordinated to only one Al or
Si they are more reactive than the hydroxyls on the upper or lower
surfaces which are coordinated to two Al (McBride, 1982; Parfitt, 1978).
On the edges hydroxyls joined to Si will have different properties than
those attached to AL. The surfaces of kaolinite grains can be further
complicated by the presence of adsorbed oxides and hydroxides of Fe, Al,
and Si. Since the behavior of exposed Al and S§i layérs at the edges is

similar to their respective hydroxides, the presence of adsorbed Al and
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Si hydroxides will increase the apparent surface area of edge type
sites. Sorbed Fe impurities can be more easily identified than Al of Si

coatings and ‘can be removed. '

NONSPECIFIC COULOMBIC SORPTION:

Most mineral surfaces which are immersed in water, carTy some
sort of charge. If the charge is positive it will be compensated by
aaion adsorption at the surface, and if it is negative cations will be
adsorbed. This simple type of coulombic attraction has been used to
account for many reversible cation exchange rteactions. It is also the
underlying principle of more complicated models which describe ion
accumulation as a,function of distance féom a charged surface. These
models have been used to explain the floculatior behavior of clay
suspensions (Stumm and Morgan,1981), the effect of surface charge on
surface c;ordination reactions (Schindler, 1972; Hohl, 1976), |
electrophoric mobilities, osmotic pressures, surface conductances and
membrane potentials (Van Olphen, 1977).

Coulombic adgorption is probably very important for group IA and
ITa elemen;s which do not form very stromg oxygea bounds in most aqueous
environments. Even though coulombic attraétion may not be very
impor;ant for the transition elements its effgcts should not be
overlooked. Therefore, the purpose of this discussion will be to
evaluaté—;he causes and properties of coulombic adsorption on kaclinite.

The kaolinite surface may acquire a charge either from a

permanent charge imbalance in the structure or from potential

determining reactions at surface sites. A negative charce imbalance in
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the structure can result from the substitution of small quantities of
Mg+2 for Al+3 in the octahedral lafer or from the replacement of
Si+& by Al+3 iz the tetrahedral 1a§er. Kaolinite analysis show only
small amounts of Mg (Deer et al., 1962) so that any negative charge
resulting from isomorphous substitution in the octahedral layer will not
be large. The amount of Al substituting for Si in the tetrahedral laye?
is difficult to determine because. this Al cannot be distinguished o
analytically from Al in the octahedral layer. One could try to estimate
the structural charge iabalénce by deing a zormative calculation which
places all the Si in the tetrahedral laver and which makes up any

o?‘deficiency with Al, An;ther way of estimating the charge on a clay from
its composition is to add up all the cations (Na, K, Mg, Ca) which are
likely to meutralize-the surface charge and hope that the hydrogen ion

« did not make a significant centribution to ;harge neutralizing ions.

The charge on a clay surface will be deterained .by the charge in
the structure if the atoms at the surface do not interact with the
solution to produce a different charge. On kaolinite this condition is
fulfilled at those upper or lower faces which consist of the inert basal
oxygeas of the tetrahedral layer. Hydroxyls from the gidbbsite layer
which are exposed at the upper or lower faces may also satisfy this
condition. On the other hand, the edges of tﬁe kaolinite grains contain
broken bonds resulting from the interruption of the gibbsite and silica
sheets. Oﬁce exposed to water the reduced ccordination oﬁ oXygen atoms
at the surface will be quickly satisfied by ccordinaﬁions with one or
two hydrogen ioms. Any exposed silica or alumina will coordinmate with

oxygen in water molecules. In either case we will end up with a surface



-32-

containing oxygeﬁs'which can coordinate with one or two hydrogen ious.
IS this surface_is dominated by oxygens with two hydrogens then it will
be positively charéed. If no hydfogens are found 6n the oxygens a -
negative charge .will result. If only one hydrogen is found on each

oxygen or if the positive and negative sites are equal then no charge

will resulc. (See figure II-7)
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)

-
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Figure II-7. Development of surface charge on a vari.ble charge
surface by reactions with the hydrogen ion.
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Since the kaolinite edges are made up of‘aite:nating‘silica and
aluminum layers one would expect that any vafiable'charge developed
there could be predicted by mixing the charges of silica gel with that
of gibbsite, both of which have been determined indeéendently. Above pH
2.5 silica is negatively charged, so that the edgé gurface of the silicé
sneet should carry a negative charge under most patural pH cenditioas.
Cnly ;£e edges of :;e silica sheet can.have a2 variable charge since the
bonding of the basal oxygens is satisfiea and in kaolinite the apex
oxygens are attached to the gibbsite layer. Gibbsite carries a net

positive charge below pE 9.7 to 10. The positive charge prebably

'
originates at the edges of the gibbsite layers where the hydroxyls are

coordinated to only one Al. Above pH 10 the surface hydroxyls will begin
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to lose their H+ and gibbsite will acquire a negative charge. At such
high pH's it might be possible for the hydroxyls on the gibbsite
(kaolinite) 001 faces to lose their H+ aud give these surfaces an

increased negative charge. .

Follet (1965) has attempted to locate positive and negative
et

charges on the surfaces of kaolinite grains. He used electron

micrographs to show that positively charged ferric hydrexide sols

adsorbed on the faces of kaolinite grains. Negatively charged gold sols

Y

adsorbed only on the edges of kaolinite grains. Therefore, the faces
appear to be dominated by a megative charge as predicted by the
structure. The sorption of gold sols on the édges suggests that they
are dominated by a positive charge from the‘gibb;ite layer. The
predicted negative charge contribution from the silica layer appeats to

be ineifective, at least in repulsing negative gold sols. The charge

distribution on a kaolinite graic is summarized in figure II-8.

(=)

(+)

Figure II1-8. Charge distribution on a kaolinite grain.

Positive and negative charges on mineral surfaces can also be
estimated by measuring the adsorption of index anioms.and catioms. It
is essential thét the chosen index anions and cations participate in
only coulombic adsorption. If the negative charge is constant and

independent of solution composition then the observed negative charge,
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as determined by the index cation, will not vary with pH. Flegmann et
al. (1969) used Na¥ and C1” to measure surface charge on Cornish
kaolinite from pH 4 to 10. They concluded that the kaolinite possessed
2 meq/100 g of permanent charge, as well as a pH dependent charge. On
the other hand, Ferris and Jepsom (1975) could not find a permanent
negative charge using zzNa. Bolland et al. (1976) used Na, K and Cs

to measure negative cha:gé on kaolinite, and used CL and NO, to

3

measure positive surface chérge. They found that the adsorption of the
index catiom w;s pH semnsitive if the sorption of Al+3 was not‘taken'
into accoumt. At pH's less than 6.0 the amount of aluminum dissolving
from kaclinite becomes significant and the Al+3 ion starts to

interfere with the adsorption of index cations. To overcome the problem
of aluminum interference one can (1) measure the adsorbed Al and .add its
contribution to the index catiom, (2)use short adsorption time to reduce
Al dissolution, or {3) use high concentrations of divalent index catioms
to swamp‘the Al effect. Once Al interference was accounted for, Bolland

ef al. (1976) found that the measured negative charge oo kaolinite was

independent of pH, and ranged from 1.4 to 3.6 meq/100 g on various

3
pi 8 and increased to about 1 meq/100 g at pH 3.5.

kaolinites. The positive charge measured with NO starteq around
According to figure II-9, the Cu+2_ion will be attracted by the
negative charge on the ﬁppe: and lower faces of kaolinite grains. The
distribution of cations around a negatively charged surface can be
d;scribed by the Gouy-Chapman theory of the diffuse-double layer, in
some ¢ombination with the Stern theery of an adsorbed monolayer‘at the

surface. (Bolt, 1955, 1955b; Overbeek, 1952; Stern, 1624; Van Raij and
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Peech, 1972; Stumm and Morgan, 1981 and Dixon and Weed, 1977). The
diffuse layer and the Stern‘layer are two distinct regions surropnding a
.'charged particle (figure II-9). Although cations ig both of these

regioas may ée held by electrostatic forces it is worth while to make

the distinction between these -zones because the properties of an ion in
the diffuse layer may be slightly different from an equivaleat iom in

the Steran layer. The concept of a diffuse layer in combination wimh a,
surface monolayer is important for surface science because these

theories attempt to describe the transition from a solution to the space °

immediately adjacent to the solid intetface.

-1%'-—' L ER'A

I - . -
—Ctern Layer
1

< 4”“5

‘Diffuse Layer

SURFACE POTENTIAL v

R T T pe—

DISTANCE FROM SURFACE

Figure ITI-9 The diffuse layer and the Stern layer.
S~ "
The forces actihg on cations near a negatively charged surface
a - " - -
include the electrostatic pull of the surface and the kinetic energy of
the cations which tries to pull them away from the surface. As a
consequence of these two opposing forces the ions adjacent to the

surface form a diffuse layer which is known as the electric double
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layer. Ious which have the opposite sign as the surface and which

balance the surface charge are kuown &s counter ions, while ions which

have the same charge as the surface are known as co-ions. The counter

ion concentration is maxinum immediately adjacent zo the surface and

decreases away from the surface as described by the Boltzman functien

(Parks, 1967). Good summaries of equatiouns used to calculate charge

distribution in the double layer are given by.Stumm and Morgan, 1981 and

Dixon and Weed (1977).

The influence of the diffuse layer can extend more than 100

Angstroms away from the solid surface. As the electrolyte concentration

is increased or if the salt is changed from a 1:1 to a 2:2 salt then the
thickness of the diffuse layer will decrease (20 Angstroms). Once the

diffuse layer thickness is decreased clay particles can flocculate moce

easily because the cations in the diffuse lavers of colliding particles

are thea less effective in repelling the collision. Once clay particles

have joined together ia flocs their sorption properties can be altered

through the action of a Donnman potential. A Domnan potential is created

when ions are able to migrate between two regions which have a charge

difference. In this case the clay floc has an excess charge compared to
o+

-

the free solution. Thérefore, the properties of the diffuse laver not
only influence the sorption of ions directly, but they also affect the

interaction of fine particles which may indirectly enhance or hinder

sorption.

The Gouy-Chapman theory of the diffuse laver does not work for

suf?aces with very large potentials because the theory does not account

for the volume taken up by cations in solution. At high potential
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surfaces Gouy-Chapman theory predicts unreasonably high cation
concentrations. To overcome_ﬁhiS'problem Stern (1924) proposed the
existence of a surface monolayer in which the total amount of adsorbed

ioms is restricted by their size and the available surface area.

‘Therefore, Stern theory includes a term for maximuam sorption capacity.

The Stern layer neutralizes some of the charge on the surface so that

the diffuse layer outside the Stern layer must neutralize a smaller

charge than is found at the immediate surface. The Stera layer may also

contain ioms that are bonded to the surface by specific chemical

interactions and so Stern theory iocludes a:factor which accouats for
specific chemical intefactions. This specific chemical term is a
convenieat fudge factor which camn account for any sorption which cannot
be explained by a purely electrostatic model.

In the diffuse layer_ions are able to move freely as in the free
soiution, so that there is a ninimal entropy decrease with sorptiom.
Therefore, adsorption irn the diffuse layer should not be affested by

temperature. In theé Stern layer ion movement isAmore restricted,.
causing a; entropy loss during sorption. Consequently less should be
adsorbed at higher temperature. In the Stern layer cations must compete
for space so that ions with smaller hydrated radii will be preferred.
Also, since iomns with smaller hydrated radii can approach the surface;
more closely Coulomb's law predicts that they will be sorbed more
stifégly. Gouy Chépman theory of the.diffuse double layer does not
distinguish between ions By any propefty otﬁer than;charge. Nonspecific .

coulombic sorption should be completely feversible because no bonds have

to be broken to remove a sorbed ion. Since diffusion is the only rate
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limiting step sorption and exchange ratas should be very fast. As salt
levels are increased any trace cations will be displaced from the-
surface by the mass action affec; of the salt.

Double-laye?ﬁlﬁeory does ﬁrediét that ions with a higher charge
will be preferfé& over cations of a leéser charge. This property is
‘relevant to the experimental syééem in this study because Cu+2 will
have tolbe sorbed in the presence of a much greater coﬁcgntration of
K ions which make up the background electrolyte. To calqulate the
anount of Cu+2 which can be sorbed by zonspecific coulombic attraction
we must be able to determine the relative ability of Cu+2 to compete
with K+. Babcock (1963) derives from double lafer theory an equation
which calculates the fraction of the surface charge neutralized by.
monovalent lons in a mixture of monovalent and divalent salts.

\ll) S 7 Si“h-l( C(B.)-llz-l/vj‘.,-
' c C(B) ' 4 ev(m,) TS T

C1 = charge neutralized by monovalent cations

C = total surface charge density

" r= mI/(mz)_l/Z Lo .

.

m, = momovalent salt concentration in bulk solution

AN

-

m, = divalent salt concentration-in bulk solution

" ;
B = 80C00MF~/DRT (when T is ZSOC B =1.08 % %015 cm hoLe/meqz)

F=2.982% 10 ** esu/meq

vy = cosh y &t the midplane between clay particles (assumed to be 1)

-

Gast, 1977, gives an example calculation with equation 1. Upten

Wyoming montmorillonite with a surface charge density of 5.17 * 104

2 " . .
esufcm” is placed in a solution countaining 0.004M Ca+2 and 0.01216M
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Na+. Even though there is aﬁsu; three times-as much Na as Ca, the la
neutralizes only 11 percent of the surface charge.

In summary, coulombic sorption, which is probably located on the
upper and lower faces of kaolinite grains, has very rapid sorption and

desorption kinetics and is very veversible. It is an important sorption

A cations which do not form as strong bonds

-1

mechanism for group IA and I

ey

with oxygen as transitiom metals do. Higher valent cations are

-

preferred, but cations of the same valence have only a slight relative

selectivity determined by their hydrated radii. The temperature
b [

dependence of nonspecific sorption should be small. In practice it will
probably not be feasible to distinguish between nonspecific sorption in
the diffuse layer and in the stern laver. Nomspecific coulombic sorption

cannof explain the sorption of trace metals in salt solutionms.

SPECIFIC CHEMICAL SORPTION: -

There are several sorption phenomenon which are.noc compatible
with nonspecific coulomb}c attraction. For 9xaﬁple, positively charged
metal ilons have been known to sorb onto positively charged goethite at
pH's below 7 Since nonspecific coulombic attractions iateract with
ions as if the ions were point charges without ;ther significant
chemical properties, the cations of a salt solution should displace
trace cations from surfaces gy mass action. Selectivity produced by
differences in hydrated radii and by the divalent'charge on metals will
not be great encugh to allow significant nomspecific trace metal

: . +2
sorption In the presence of salt solution. Yet, in this study Cu

was able to sorb onto kaolinite even in thespresence of a 1 molar KNOB
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solution. 0'Connor and Kester (1975) uere ab;e_to measure signﬁfican:

amounts of Cu and Co sorption onto illice in the presence of sea water.-
Due to this ability of metals to be sorbed in sea water, Jeqne (1977)

operationally defined specific chemical -sorptien_as "that quanticy

adsorbed from microconcentrations of the trace element in the presence

of macroconcentrations of alkaline earth or alkali cations, and which is

largely desorbable by chemically similar e}emen:é”.
Another feature which is 'difficult to explain by nonspecific'
coulombic iateraction is the sharp increase in sorption with pH produced
in the mid -pH ranges. This phenomenon has been described for transition
metal sorption on oxides of Si, Al, Fe and Hn'by‘Kurbaiov et al. (1951),
dugger et al. (1964), Grimme (1968), James and Healy (19%2), Schindler

et.al. (1975), and Hohl and Stumm (1976). A similar sorption

relationship with pH has also been described for c)ays by Hodgson
(1960); O'C;nnor and Kester (1975), Payne and Pickering (1975), and
Farrah and Pickering (1976;, 19765, 19793, Thé sharp increase in metal
sorption cannot result from a nomnspecific competition from ot iomns
because in‘some experiments metal concentrations (IO_A M) greatly
éxceed hyd?ogen'ion concentration (pH 5 to 7). The sorption jump for
‘differe;t metals occurs at different pH's, which would not be the case
if the sorption jump was caused by a change in the s:}face charge. The
cations with the strongest hydrolysis constants have their adsorption
jumps at lower pH's, suggesting the formation of metal oxygen bonds.
These adsorption jumps cannot be explained away as simple hydroxide

_ precipitation since meta; solubility was not exceeded in the bulk

solution. At lower pH, A1+3-could dissolve from the clay and
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interfere with nomspecific sorption, but again this would have the same

effect on all divalent catioms.

L

Further evidence for the existence of specifi; éhem;cgl
adsorption comes from the obse}ved irreversibiliﬁy of metal sorption
Teactions as noted by Hodgson (1960) and Farrah and Pickering {1978).
pH is raised adaorption may exceed a clay's cation exchange capacity,

.which is attributed to the permanent negative charge of the clay ™
structure:_ Kgoliuites have low cation exchamge capacities which maf
fall in the range of 2 to 15 meq/100 g. Farrah and Pié%ering measured
30 mmoles Cu /100 g (éo meq/100 g) on a kaolinité exposed to 1.6 *
10-4 molar Cu at pH 6.5. o

Theorieé which have'been put forward to explain increased’
adsorpti;n fall intortAree'categories which are (1) comélexation with

surface oxygens, (2) adsorption of anions on positively charged surfaces
folloewed by induced metal precipitation, and (3) enhanced sorption

(2-n} ° . 7
because of the formationm of M(OH)n species.

Surface complexation has been widely proposed to explain metal

adsérption on oxides (Dugger ét_al., 1964, Schindler et al., 1575, Hohl
aﬁd Stumm, 1976, and Davis et al., 1978). Oxide surfaces and the edges
of clay minerals have bfokén bonds where unsatisfied oxygen atoms are
exposed. These ox&gen atoms quickly bond H+ from the surrounding

water. The ability of metal ions to sorb and displace u from these
surface oxygens depends upon_the pH and the compogition of the solution.
Therefore, the sorption of a metal can be treated aé a coordination

reaction with a surface ligand. (See figure II-10 and reactions 1 to* 5.)

Using this approaﬁh Schindler et al.{1975) were able to model Fe, Cu, Cd .
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and Pb adsorption on silica, and Hohl and Stumm (1976) were able to.

model Pb on gamma A1203

The surface precipitation_mechanism is conceptually distinct

‘from the surface compiexation méchanism,-by} unfo;tunately.the effects
. are very sim£lar,jparticdlarly when the precipitating species are
?ydﬁBxides. Surface'precipitation‘of'métgls by‘dH- has been proposed
by Farrah and Pi;kering (1976a, 19§6b: 1979); Payne and Pickering
(1975), and Bingham et ;l._(196&) Surface precipltation by silicic acid
has been described by Tiller (1967).

Surface induced preciﬁitation éccu;s when the solubility produ;t_
of a potential‘preéipitate is exceeded at-the'surﬁace, but net in the
free solution. .The solubility preduct of a copper preéipiia;é will be-
exéeeded.if the Cu‘concentrat;on and/or thé complexing anion
concentration are faised. Copper councentrations higher than the free
solution are found at the upp;r and lower faces of kaolinite grains.
because of the negative chafge on these faces. The edges of kaolinite
grains are positively charged so that codcqa;rations §f_anions such as
OH are concentrated at the edge, surfaces (Farrah apd Pickering,

1979). The higher ph's found near the edges of kaolinite grgins nay
' promote the.precipitation df metal hydro;ides, éérticularly if there is
a collision between a kaolinite face with high metal concentration and
an‘edge with a higher pH. Aithough OH™ is probably the most common
anion to produce precipitation Farrah and Pickering (1976a, 1976b) have
shown that phosphate will produce Cg\and Pb precipitation, .and sulphate

will precipitate Pb. Bingham et al. (1964) measured increased Cu and Zn

precipitation in the presence of acetare..
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Althoggh surface péecipitation by some anions such as phosphate
and SOA can be éemonstrated, the more general case of precipitation
with OH 1is very difficult to distinguish from complexation reactioms
with surface oxygens. Both models involve the formation of metal oxygen
bonds and so are ;efy similar. Uader some circumstances it might be
possible to distinguish between surface precipitation and complexation
‘by the :égio of H+ feleased'to Cu+2 sorbed. Figure II-10 gives
potential pgecipitation ;nd complexation Teactions with ;;eir
appropriate H+/Cu+2 stoicheiometries.

In this study more than S0 percent of the copper ia solution is
Cu+2 and the experiments are conducted iz a .0.05 M KNO3 solution,

Under these conditions a measured H+/Cu+2 ratio of 0 would indicate
that either the sorption was coulombic in natu;é'or that it was

. dominated bf'reﬁctions 1 and 2 in figure II1-10. If the H+/Cu+2
ratio was 1 theﬁ the so;ption would be by reaction 3. If the ratio was 2
then either the surface complexation resction & was operating or the
copper was being precipitated by reaction 7. An observed H+/Cu+2
ratio between 1 and 2 would indicate that sorption was dominated by a
combination of reaction 3 with either reaction & or 7. A further
complication in the interpretation of measured H+/Cu+2 arises from

-

the ability of the clay suspension to buffer pH by adsorbing hydrogen

LY

lon at other sites or by using it up in dissolution reactions.

(
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Figure II-10.
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£ :
Teactions and thelr respective hydrogen/copper exchange rtatigs.
Charge balance.is maintained by exchange with the dominant X

“iom.

Table II-1 lists some H+/Cu+2 ratiocs reported in the

literature. Most of these ratios were probably obtained by plotting the

logarithm of the metal's distribution coefficient versus pH (Kurbatov

plot).

site it can be shown that:

2)

log D =

log [K(Hx)n] + npH

D = distridbution coefficient

K

+
(HX) = concentration of H on surface sites

n = H+/Cu+2 ratio

Assuming that the metal exchanges with hydsogen ion on a surface

equilibrium constant
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TABLE II-1

H+/HETAL EXCHANGE RATIOS REPORTED IN THE LITERATURE

Reference Surface Metal H+/H+2 Comment
Farrah and Pickering (1976) kaolinite Cu 0.4 up to pH 6.5
Fa:rah et al. (1980) kaolinite Pb 1.0 around pH 5
" kaolinite Cd 1.0 ‘ "
" ’ y " - Zn 1.0 "
" " Mg 1.0 "
" . Cu 0.5 "
“ v Ca 0.5 oo
" | N b 1.2 to 1.5 Kurbatov plot
" " cd 1.2 to 1.5 including
" " Zn 1.2 to 1.5 sorbed
oyt
" " Mg 1.2 to 1.5 "
" wix " Cu 1.0 "
" " Ca - 1.0 "
James et al. (1975) © FeOOH cd 1.0
" TiO2 Cd 0.6
Gadde and Laitinen (1974) Fe oxide H+2 1.0 :o 2.0
Grimme (1968) goethite M+2 ) 1.0 .
Forbes et al. (1976) " M2 2.0
Kinniburgh (1983) ferrihydrite Ca 0.9 back
" " Zn 1.7 | titration

H+2 represents several wmetals,

/ | | . .
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If log [K(HX)"] is constant during the expégi&ent.theu_a plot
of log D versus pH will give & straight line with ; slope of n, which
gives the stoichéiometry of the metal exchaﬁge with hydrogen ion. A
better method‘of'measuring the H© ratio is to;observe the dfop iz pH
' during sorption and then back titrate with base. This helps to account
for.hydrogen %Pn lost to adsorption on other parts of the clay.

From table II-1 it appears th;t the ratio of released protons to

sorbed copper can be aé low as 0.4. However, when thecadsorption of

hydrogen ions is accounted for this.ratio becomes unity. Since the work

.

of Farrah et al. (1986) was conducted at a pH where Cu-{”2 is the
dominant Cu species a hydrogen/gopper ratio of unity would suggest that
the surface complexation reaction 3 was controlling sorption. However,
- these experimeants were not conducted in the presence of a background
electrolyte so that a portion of the copper was probably sorbed by
nounspecific couloﬁb;c attraction. Therefore, unless the experimental

conditions are chosen well™ the observed hydrogen/copper ratio could be

~

difficult to interpret. ~ .
W It has been observed that ;ations with the stronger first
hydrolysis counstants are alsc more strongly adsorbed by silieca (Dugger
et al., 1964), and transition metals with with stronger hydrolysis
constants have their adsorption jump at lower phH's. Unfortunagely this
observation supports the precipitagion mechanism as well as surface
complexation. The first hydrolysis constants give a measure of the
relative ability of metals to bind with oxygen bonds. Farrah and
Pickering {1979) found that'metal sorption on cellulose was gimilar to

that or clays whose surface oxygens are expected to be different from
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those on cellulose. Precipitation reactions which are less depeundent on
the type of surface sites could be used to explain similar sorption
properties of clays and cellulose. Further evidence for precipitation

comes from the work of O'Conunor and Kester {1975), who found similar

sorption relationships to pH for Cu on 1llite and polyethylene, and for

- Co on illite and sand.

McBride (1982) used ESR to distiﬁguish a surface coﬁélexation
reaction and a precipitation reaction controlling Cu sorption of Al
hydroxides. Cu which was believed ;o coordinate to surface sites sorbed
more rapidly, and according to the ESR spectra it was spaced evenly on
the mineral surface. Precipitated Cu sgfbed more slowly (hours) and the -é
ESR spectra indicated that the Cu ions were bunched together at

nucleation sites. When the Al hydroxides were subjected to NH vapor

3
it was found that the precipitated Cu was easily desorbed while the Cu
bound to surface sites resisted descrption.

McBride also found a correlation between mimeralogy and the type
of sorption mechanism. Poorly crystallizne Al and boehmite have a large
surface area where the exposed oxygens are bound to culy one Al, while
the better crystallized gibbsite has fewer edge sités with oxygens
bonded to only ome Al. The minerals with more oxygens bonded.to one Al
had higher sorption capacities and were dominated by surface
c¢oordination, whereas sorption onlgibbsite was dominated‘by surface

precipitation. Therefore it seems that oxygens bouded to only one Al

are prime candidates for active surface sites {Parfit: et al., 1977).
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The work on Al hydfoxides should?be applicable to kaolinites
because these clays contain interrupted gibbsite lafgrs at the edges and
some of the upber or lower faces may be.made uprof gibbsite @ydroxyls;
However, the use of ESR“t? look at chemical sorptiom on kaolinite is not
practical because in order ?nggnough Cu on the §urface to measure an
ESR spectrum one must hav; a lot more Cu iu.soldiion tﬁan was necessary
for the Al hydroxides.. To prevent cbpper from precipitating, the‘pH
must be kept at low levels which are not favorable to chemical Sorptiod.
McBride (1976) looked at Cu sorption on kaolinite and found that most of
the Cu on the surface was in the form of the uncomélexed-Cu+2 ion.

>

In summary, specific chemical sorption accounts for the sorption

of trace metals in sea water aand it can explain the sorption of metal

cations on a positively charged surface. Specific sorptioﬁ'is very
sensitive to pH and is most importamt for cationms which form stréng
bonds with oxygen. It is more semnsitive to temperature and is less
reversible than nonspecific sorption. Surface complexation is. faster,
but less reversible than induced surface precipitation. Surface
complexation is also restricted to surfaces with reactive sites (oxygens
bonded to only one Al) and therefore, is limited by the number of

available sites. Surface precipitation does not need an active surface

and is not restricted by the number of sites.
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STRUCTURAL PENETRATION:

Copper and other métals do ﬁot form solid solutions in
kaolinite octahedral and tetr&ﬁedfalhiayers'so.that ic wﬁuld Seem
unlikely for these metals to be attractéd into the structural sheets.
Nevertheless, the penetration-of cléy structure by-metals:has been
prpposed by some researchers as one possible mechanism to,explgin metal
fixation on clays. Zinc fixatiom in sojl minerals canlbe an important
problem in agriculture and thérefore has been seriousiy looked at
(Elgabaly, 1950, Nelsoun and Helst;d, 1955, Tillér aﬁd Hodgson, 1960, and
Reddy and Perkims, 1974). Nelsoq and Melste& {1955) defined
nonexchangeable zinc on kaolinite and bentonite as thét f:action which
could not be extracted with 1 M NHAAC, but could be extracted with 2.5
% HAc. Initially fixation was rapid in the first 3 days, but then
slowed to a steady rate for the_egft 12 weiks. Elgabaly (1950) also
defined fixed Zn as that which could not be extracted with-NHa. He
believed that some of the fixed ,zinc remained on the surface while the
Test of it penetrated the clay's octahedral layer where it reduced tﬁe
catlon exchange capacity if it entered vacant sites in dioctahedral
layers. Using the same definition of fixed zin;‘Reddy and Perkins
(1974) obsérved that the amount of fixed zinc lucreased with long
sorption times. This may represent structural peunetration of clay,
although the authors favored precipitation of Zn(OH)2 Or strong
adsorption at egge sites. ‘

Hodgson (1?60) looked at Co sorptiom on montmorillonmite inm the
presence of 0.1 M CaClz, which is expected to reduce or eliminate

electrostatic adsorption of cobalt. Evidence was found for two types of
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chemically bound Co. (1) Initially Co is sorbed by a fast reaction over o

~

several hours, after which Co uptake continues at a slower Tate for at
least 10 days. Thé initial sorption &epends on pH and sample
pretreatment while the seéond reac;ion'maiuﬁaing‘d constant rate
'regardieSs of pH and'sample pretreatment. {2) fart of the s;fbed Co

. cannot be disélagpd by EDTA or 2.5 ZAacetic acid. (3) This so é;lled B S
exchangeable Co reaches saturation iﬁ aboﬁt three days, wh}le the
nonexchangeable Co s%ows a slight rate change in the begi;ning, Sut then
maintains a constant rate for the next 30 days.. Hédgsonlpelieved that
the faster, reversible reaction rep:esentéd chémisorptiqﬁ in a surface

monolayer, while fhg slow irreversible. sorption represents Co entering
the montmorillomite struc;;re. -

The f;gation of a metal b? a clay does not prove that it has
entered the cryétal structure unless it can be shown that the desorption -
method releases all forms of metal fixed on the surface. Farrah and

Pickering (1978) carried out a series of desorption studies of Pb, Cu,
Cd and Zn adsorbed om kaolinite, illite, a;d montmorillo;ite. The
‘metals were sorbéd at pi 5 and 7 over a 24 hour period so that most of.
the sorbed'ﬁetal was. probably still on the surface. .Ammonium acetate,
ammonium oxalate, and acetic acid did not remove all the sorbed metals.
EDTA was completely successful at pH 5, but d4id not get all the metalsi
sorbed at pH 7, although the authors felt that a sgronger dose of EDTA
would have removed all the met;ls. Studies of metal fixation provide

evidence for structural penetratiom, but they do not prove it because it

is likely that a portion of the fixed metal is still on the surface.

- £
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The next question which must be answered is whether or not heavy

metals can fit into clay structure. Calvet aad Prost (1971) heated LI
" saturated montmorillonite uantil the interlayer Li had dehydfated. Using

infrared spectroscopy they showed that ectahedral hydroxyls were

reorientated as Li entered octahedral sites. They modeled Li extry into
vacaat octahedral sites and proposed that cations larger thaa around .70

angstroms would not be able to enter the clay st-ucture. HcBride and .

n

Hortland (1974) }ooied at Cuvfixation-in montmorillonite.by heating & Cu

saturated clay to various temperatures np to Q?OQC.’ Loss of cation’
N N .
exchange capacity after heatxng was att-ibuted to penetration of the

-
-

clay sheets by Li or Cu, whlch neutralized part of the clay's permanent

negative charge. Li was more efﬁgctive than Cu in red&cing the cation

exchange}capaeﬁty: .

Calvet and Prost (1971) and.McBride and Mortland (1974) suggest
¢

that as eacions are dehydrated they enter the hexagonal holes of the
“tetrahedral_fejer and if they are small enonéh they may pass to vacant
octanedral sites. If these catioas remain in ;ﬁe hexagonal hole tney
may be rehydrated, while if they are in the octahedral layer they remain
fixed nhen water is added to the clay. When Li or Cu ﬁit in the

-
hexagonal site they are’dinectly above an octahedral hydroxyl, whose
dipole moment and &eformation vibration are perturbed. This‘
perturbation i{s picked up by infrared speeﬁroscopy; Monement of Cu into

the octahedral layer produces another shift in the octahedral hydroxyls

which is.picked up by Hhfrared spectroscopy.

.
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Table II-2 lists some cations in order of increasing ionic radius
[{Ahrens, 1952). .McBride and Mortland (1971) have shown that cations as
large as Cu could enter the octahed;af‘layer. Calvet and Prost (1971)
have shown that K, Ca and probably Na are too large to enter the -
gctahedral layers. Theref;re,'from table iI-Z it appears'that Cd is too
large to enter Fhe sﬁructure, while Zn may or may‘not be too large.
However, whén making these conclusions one must rémember that there is
uucertainty in the values of ionic radii. Table II-2 also gives values
for radii determined by Goldschm%ét and Pauiing. If Goldscgmidt radii *

*
are used then Co may be too large to enmter the structure, while Zn would

definitely be small enough. )

The previous discussion on the maximum cation size permitted to
enter the str&cture'has assumed that cations migrate into the structure
through the hexagonal holes in the tetrahedral layesx\ However, should
cations enter into fractures, cleavages or other defects then these size
Testrictions may no lenger-held.

Cations must dehydrate before they can get Into a clay structure.

_Due to the large enthalpies of hydration (table II-2), McBride and
Mortland (1974) believe that under mos% conditioms at the earth's
surface, catioms will not dehydrate and therefore will only eater clay

structures under diagemetic conditioms, where higher temperatures may

favor dehydration. In some situations Cu dehydration might be achieved

. —
-

if the hydration of some other cation partially overcomes copper's

enthalpy of hydration (as in a cation exchange reacpion); Dehydration
s

may also be favored by the formatiom of hydrox§ complexes or bonds with

surface oxygems. If this were thercase, then structural penetration

-
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would be favored by higher pH making this process difficult to
distznguxsh from a slow surface precipitation reactidb‘ However, the
.slo? sorption reattlon of Co on montmorillonite does not seem to be
affected by pH, (Hodgsom, 1960). -

In summary, structural penetration is a very‘slow process limited
by dehydration and solid state diffusion. Any catioms which have
peﬁetrated the structure will -1 irreversible. Structural penetration
will be lxmlted to cations Wl&h-a *adius not greater than around 0.74 -
angstroms if the cations must pass through the tetrahedral layer.

Penetration of the clay structure may be favored by higher pH and by

-
-

higher temperatures.

-

TABLE II-2

ZONIC RADII (ANGSTROMS) AND ENTHALPY OF HYDRATION :

Element Ahrens Goldschmidt  Pauling Eathalpy of hydration

(kJ/moie)

zet? 0.35 0.34 0.31 -2494
g *? 0.66 0.78 0.65 -1921
it 0.68 0.78 0.60 - 519
ni+? 0.69 0.68 0.69 -2105
tut? 0.72 0.72 -2100
cot? 0.72 0.82 0.69 -1996
~za 2 0.74 0.9 0.74 -2046
ca*? 0.97 "1.03 0.97 -1808
Na© 0.97" 0.98 0:97 - 406
ca™? 0.99 1.06 0.99 -1577
Kh 1.33 1.33 1.33 - 322

o
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CONCEVTRATION OF IOWS IN COLLOIDAL AGGREGATES

In any weak salt solutlon clay particles Wlll become coagulated

fornlng clusters with trapped interstltzal water. Does thlS

lnterstltzal water have the same composition as the free solution or is
' . .

the composition of this interstitial water altered by the high
clay/water ratio in the clay floc? To test for increased sorption,

“produced by Cu accumulation in the interstitial water of kaolinite

N
1

flocs, a sorption experiment could be conducted in which the clay flocs

-

are broken up with a sonic p:obeafo see whether sorption is different in

the absence of coagulated kaolinite. Unfor;hnately there is a

L e I

ssibility that the sonic probe ﬁay also .destroy the Cu electrode.

Another approach for‘studjiug the effects of flocculation.on sorption %§
'drawAan analogy between a.clay floc and a centrifuged clay plug whicﬁ
is covered by the cleaF supernatant. Both the clay floe and the clay
plug represent a situation where a small volume with a high clay/water
ratie is in contact with a relatively clay free solution.

The following discussion will deal with the partitioning of ions
from free solutions to regions with high solid/liquid ratios, and with
the effects of colloidal suspénsions on electrode measurements. Tﬁese
two phenoﬁgnon are difficult to separate because the measurement of iomn
distribution between regions of high and low selid/liquid ratio may
involye the interpretation of electrode measurements which are probabl&
not gndependent of changing solid/liquid ratio.

In the beginning of the twentieth century it was observed that

coiloidal suspensions had a significant effect on potentiometric

measurements of pH. Christensen and Jensen (1923) measured the pH of
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clay suspensions and their filtrates with a H electrode-saturated
calomel electrode combination. In contrast to the filtrates, the pH of

the suspensions varied with colloid concentration. Hydrogen soil

suspensions were more acidic and alkaline soils were more basic than

tﬁeir Tespective filtrates. Pallman k1930)‘gnd Wiegner (1931) measured
“the pH of many differcnﬁ‘suépensions and their filtrates. Their ctesults
2lso showed a lower pH in the sugpension; and thesterm suspension effect
was introduced. Wot all clays under acidic'cynditions showed a lower pH
in sﬁspgnsion since clays saturated wi%h divalent Ca showed a higher pH
in suspensiont Experiments in this study have shown that Cu measured
éith a Cu electrode is higher in suspeﬁsiqn th§n in the centrifuged
supernatant. To back up the electrode results the kaolinite suspension
was saépled before centrifuging and the sothion was separated by
filtration. Atomic absorption amalysis of the-soiution before and after-.
cegtrifuging also showed that the Cu was lost to the;kaolinite during
centrifuging. . -
The phenomenon of ar apparent higher Cu content in the kaolinite

suspension compared to the supernatant requires attention for a couple

of reasons. Not only can it be used to interpret sorptionrinto a clay
floc; but it also may have a significant effect on the interpretation of
Cu measurements in clay suspensions. Many adsorption experiments

involve separating the equilibrium liquid by centrifuging. If the

process of centrifuging concentrates extra metal on the solid éhase then
the observed sorption would be significantlf higher than if the solid

was separated bylfiltration, which ddesn't seem to induce extra

scrption.
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geforé lookIng further into explanation; for the suépen%ioh
ef%ect one should consider why filtered solutions are less depletéd in
“Cu than centrifuggd‘éolutions. Both filtration and centrifugiag are
processes which iavolve ;hé separaéion of a8 solid from a liquid and omne

would not expect any differences in jon distribution. However, there

-

are two factofs which might Help to explain why there is am appareat
loss of metal t§ sorption‘duriﬁg'centrifuging. In many cases the clay
accumulated on the filter paper does not remain in conrtact with the
solution for as l;ng as the céntrifuged ciay'remains in contact with the
supernatant. This extra cpnteet time may allow the centrifuged clay to
equilibrate with the supermatant in a way which the fii;ered clay
cannot. A better explanation for the difference between centrifuging
and filtering.is that the filtered clay is flushed by most of the water
in the sﬁépension, while the flushidg action in the centrifuged clay is
very poor. The flushing action in the filtered clay may prevent metal
accumulation in the cléyﬁg interstitial water and it may even removeA
cations from the double l;yer. Bolt (1961)—evaluated the effects of
pressure filtration on collodidal suspensions using both Domnan aund Gouy-
models. He concluded that if th; volume of water was not too low, the
filtra;e would be very close te the composition of the initial
interstitial solution of the suspension.

Explanations for the suspension effect fall into three main

categories. (1) Measurements with electrodes could be affected by a
change in liquid jdnction potential produced by the interaction of the

colloid with the reference electrode. (2) The electrcde may respond &6

cations which are loosely adsorbed to the surface. Ions in the diffuse
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doubié layer Qill probably be registered by the electrode if Fhé clay
surface is almost in comtact with ;he electrode surface. When the clay
is separated by cent?ifuging'the ioms in the double layer remain with
the clay and are not méasured in the supernmatant. (3) The concentration
of ions in the interstitial water is real. This concentration may
result from the net negative charge of the colioid, or the clay}water
ratic of the clay aggregate may be high erough to induce some specific
chemical reactions.

The remaining discusé;on will examine the above explanations for
the suspension effect. ?irst'we will assume that the cation
aécumul§tion in centrifuged clay is real and we will look at possible
explanations‘fér this effect. Then the discussion will lsok at the
viéwpoint that the suspension effect is produced by the jumction
potential of reference electrodes. Finally we will look at the
possibilitx;that the suspension effect is produced by the close

™~ -
proximity of -adsorbed cations. o '

Most of tﬂe literature which has looked at ion concentratiom ia
charged colloids has focussed on an electrostatic model in the form of
Donnan equilibrium. Douman equilibrium controls the distribution of
ions between a colloidal mass and an equilibrium solution which are
separated by gravity or a semi-impermeable membrane a;d between which

there is an electrostatic potential difference. This systen is

,illustrated by Figure II-L1.



Colloid  Membrane Solution
M-clay, -
M., Al

Figure TI-11. Donnan system.

In the treatment of Domnan systems the following assumptions are

usually made. (1) The dissociation of the colloid is co%plete (no

chenical adsorption). (2) The ion distribution. throughout the colloid

is uniform.” (3) The volume of water im the colloid is constant. The
ﬁirst two aséumptions'do not really hold in a clay system, but oa the
otherlhand they may not be essential. Chemical sorption takes place_
with transition metals, but it could be accounted for by the use of
activity coefficieats. The major problem &ith chemical sorption is that
it will produce a degree of irreversibility. The distribution of charge
is actvally not.unmiform in a clay suspension. Each solid surface is
surrounded by a diffuse layer in which there is a decrease in counter
ion_concentration away from the surface. Also, clay suspensions contain
a mixture of negatively and positively charged surfaces; However, the
Donnan treatment deals with an average distribution of ions ;nd
poteantial in the clay suspension.

In an equilibrium system the electrochemical potential of an ion must
be the same everywhere. Assume that the colloid has an average
electrostatic potential Pc, and that the solution has an electrostatic

potential, Ps' If the salt MA is present in the system then the



~59-

following relatioﬁship can be derived from the expressions for

electrochemical potentials of the cation and anion in solution and in the

colleid. l T
- - : ;
3) _ RTln[(H)C/(H)S] = RTln[(A)S/(A)C]
= z:(Pc-- PS)
z = valance of salt F = Faraday

{ ) denotes activity

.

Therefore,the activity ratio of a éatioﬁ between colloid and
solution depends.on the potential difference between the colloid and
solution (Douman potential). Actually the activity of an iom in the
colloid -is a geomerric spa;e average of all theigctivities of thiq ion
in various.parts of the colloid. These activities cammot be added as
simply as activities in a true solutiom, but instead are givern by:

“) (A)average B (Al) nl(AZ)nz(AS)ns o

When dealing with anions and  cations in a Donnan system often a

distinction is made between those ions originating in the solution and

. those which dissociate from the clay. With this ;ype of treatment, X is
usually denoted as.the salt concentration in the eduilibriuﬁ solution,

Y is the salt concentration in the interstitial water of the colloid and .
Z is the concentration of -the counter ion dissociated from the colloid.
For a general electrolyte'of.tyge HnAm the following relationship is

apparent from equation 3. '

/m 1/a
5) (ONICHBREEENN (CVWITVN
Equation 5 can be rewritten in terms of X, Y and 2.

1/m  _ 1/n
6} [(ZM + YM)/XH] = IXA/YA]
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If a system has more than one electrolyte, equations 5 and 6.are
valid for each type of elecirolyte. When the values of X and Y are
determined with specific ion electrodes the activity of the cation

adsorbed on the surface, 2Z, caﬁ be caliul;téd with equation 6. 1If we =
really want to distiéguish'betweén the adsorbed cation and the cation
associated with the interstitial sait then an anion elecﬁrode.would be
_useful foFIQetermining YA = YM' A specific cation electrode could

be used to measﬁ}e YM, but there may Pe a danger that the specific
:cation eleétrode may respond to a portiom or the sorbed cation. If the
the amount of adsorBed cation calculated by equation 6 is less than the
amou;t of cation which is known to be adsorbed then some specific
'chemical sorption must also be taking place.

As shown by equation 3, the distribution of cations between a
colloid and a solution is related to the potential difference between
the colloid aund solution. Wheﬁ a calomel electrode placed iu a colloid
is connected to another calomel which is inm a solution that is in
equilibrium with the colleid a potential difference will be recorded.
The same potential difference will be 'given by the difference in pH
readings between the colloid and the equilibrium solution (providing
that the calomel ele;trode is used as the reference for the pH
readings}. Some researchers (Marshal, 1964) have argued that the
potential difference measured by the calomel electrode represents the
Donnan potential and can be used in equation 3. Others have argued that
potential differences between the colloid and the suspension are

partially or totally the result of liquid junction potentials produced

by the calomel electrode (Jenny et al., 1950, and Overbeek, 1953).
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Those who believe in Donnan potentials argue that the agreement between
measured Donnan potentials and measured ion distributions is ﬂot bad and
that any ﬁiffe:ences a%e caused by geometric space averaging problems.

According to Donman theory divalent cations are preferred over
monovalent cations. The selectivity for divalent cations increases as
the volume of water inside the colloid goes down (Marshal, 1964), Alsb,
as in double layer theory; the cglloid’s preference for divalent cations
increases as ‘the free selution bécomes more dilute.

The effects of specific chemical adsorption on the suspenéion
effect are not commonly discussed in.the literature. When it was known
that the adsorbed concentration of a particular ion was higher than
preaicted from Donman theory then activity coefficients were introduced,
which would take care of specific chemical intéractiouﬁ. In this
study, preliminary examination of centrifuge effects on the kaolinite
coppér system suggest the existence of some specific chemical serption
during centrifuging. Table II-3 shows pE and copper concentration
before and after centrifuging. Donnan theory predicts that the pH of the
supernatant should be higher than in the suspension. The lower pH shown
for the supernatant could result from hydrogen ions being produced by
chemical sorption of copper. When the centrifuged clay is resuspended
the copper concentration of the suspension doesn't immediately return to
its 6riginal level. The slow desorption of Cu sorbed during

.

centrifuging suggests that relatively strong bonds have to be broken to.

produce the desorption.
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TABLE 1I-3

CHANGES IN pH AND pCu DURING CENTRIFUGING ANP AFTER RESUSPENSION

suspension supernatant 15 minutes after resuspensioﬁ
pH  6.19 6.12 . 6.14
pCu 5.46 ' 5.58 5.51

.
-

What properties of a centrifuge& clay might induce chem;cal
serption? Donnan potential.may Talse the copper content of.the
interscitial water. Since this higher Cu c¢oncentration is sheltered from
the diluting effects of the free solution, the rate of sorption by
surface coordination or precipitation is greatly speeded up. The high
solid/liquid ratio in the centrifuged clay may lead to more edge to face
collisions. This would induce Cu precipitation because the kaolimite

faces have higher Cu concentrations, while the edges have higher local

-

pH's. The high concentration of surface area in the clay floc maf lead
to higher sorption rates.

An argument against improved adsorption during agglomeration has
been the possibility of blocking adsorption sites. This may be true for
large ions and molecules. "However, hydrated Cu, evern with its 4.4
angstrom radius, should bé-able to squeeze between the contact of two
clay particles. A centrifuged clay still comtains over 90'perceut water,
allowing a high degree of mobility in the kaolinite mass. Syvitski and
Murray (1980) have photographed clay flocs after filterimg. Floes with
clay larger than 2 micrometers have a very open structure, and flocs
with particles of less than 2 micrometers still have a moderately open
structure. Figure A-1 in Appendix A-7 also shows that there is a lot of

open space in a filtered kaolinite mass.
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A question which cannot be avoided when stud}ing Donnan
equilibria or when makiﬁg auy electrode measurements in a suspension,_is
what is the significance of jun;tion potentials. Junction potentials
are'produced at reference electrodes as a result ;f ions diffusing from
the electrode to the solution uander study. .Jenny et al. (1950) proposed
& theory which showed the importance of liquid junction poﬁential in the
measurement of potentials in colloidal suspeansions.. A liquid junction
potential is produced at the salt bridge when there is a difference in
the mobilities of K™ and c1”. Jemny et al. (1950) derived an
equation for liquid junctiom potential between two solutions of
different KCl activity, separated by a colloid which was assumed cot- to

affect the KCL activity.

7) E. = (T - Tf) (3T/F)ln(az - a)
T+ = fraction of current carried by K+
T_ = f£fraction of current carried by .C1~

-

a., and a_ are the mean KCl activities im solutions 1 and 2

1 2

'

e transference number for Cl~ (T_) decreases with

increasing cation exchange capacity of the colloid. This effect is more
pronounced at lower sélution conceatrations of KCl. Jenny et al. (1950)
found reasonable agreement between measured potential and liquid
juncﬁion potential calculaééd from transference numbets. Therefore,ﬂ
they feit that liquid junction potential could not be dismissed in
potenticmetric measurements. - T

Peech et al. (1953).used potential difference meaéurements ACTOSS

.2 membrane to calculate the osmotlic pressure across that membrame. The

~calculated osmotic pressure did not agree well with the measured osmotic
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pressure, so the authors concluded that their potemtial measuremencs

were affected by errors. due to junctién potentials: ﬁhrshal (1953,.'

1964) criticized these interpretations and suggested Ehat liquid

Junction potential was overrated.

Overbeek (1953) derived an expression fqr'Dbnnan potential which

did not relate the Donnan potential to net charge, but instead related
the potential to ion conductances in.the double layer and the relative
mobility of Ions and particles. Overbeek beliefes‘;hat liquid jumetion

potential may explain why some measured Donnan péten;iéls are lower than

predicted. This contrasts with the interpretation of others, who believe

that these differences between measured aund predictéd potentials can be -

explained by incomplete dissociation of ions from the surface {ie.

In the previous discussion it has®been pointed out that liquid
junction potentials may affect the measurement of potentials in
suspensions. However, it has not been proved that the junction

potential, aloce, can account for the observed Donnan potential.

Therefore, although the junction potential probably does not cause the

‘suspension effect, its influence camnot be ignored when making enf

measurements. The junction potential seems to have a minimum effect on

copper measurenents since concentrations measured with the electrode

‘closely match the results from atomic absorption.

The third explanation for the difference in apparent Cu
concentration between the suspension and the supernatant might be that
in the suspeasion the Cu electrode actually sees some of the Cu which is

in the diffuse layer of the clay particles. The agreement between
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electrode measurements-.and. the analyszs of flltered -samples may be
explalned if the filtration is able to Temove coPper fr;n the dlffuse
layei of clay particles. If this is true then the formation of a clay

.

floc or the centrzfuglng process does not produce extra sorption. Aléo
the reactivity of sorbed met;I to a plant root or other organism will
depend-upén the closeness of that root or organism.

| To test this third theory one might try to raise the salt level

which would tend to compress the diffuse layer, making it harder for the

Cu electrode to detect Cu in the diffuse layer. Unfeortunately Donnan

:theory also preficts that Increasiag salt levels will reduce the
selectivity for divalent cations. If electrodes do respond to cations
in the double layer then the pH of the suspension should be lower than
in the supernatant. As was mentioned earlier the pH of the supernatant
was lower indicating that HT was released while Cu was actually sorbed
~during the centrifuging. A final indication that the thizd theory
cannot aécount for the appareﬁt sorption during-centrifuging is that
when the clay is resuspended the measur;E\SJ does not immediately return
te its original value. .
- In summary, the formation of a clay floc tay induce extra Cu
sorption as indicated by the apparent sorption of Cu during
centrifuging. The sorption during cenErifugiﬁg is probably real because
it is not fully reversible and it is supported by atomic absorption
measurements. The lower pH in the supernatant indicg@es that some of
the sorption during centrifuging is specific chemical in nature, and it
disproves the junct;on potential theory which pIEdlCuS that the change

LI
in the enf of the Cu and hydrogen electrodes would be the same siace
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they were both connected to the same reference electrode.

SUMMARY OF SORPTION“MECHANISMS: .

Several sorption mechanisms can be predicted from kaolinite's
. -r N

structur€'3n§ chemistry .(See figure II-12.) The upper and lower faces

of a kaolinite grain are nonreactive and probably experience the .

constan;/gpgative charge due to isomorphous substitutions in the

structure, Therefore, these faces can be expected to adsorb copper by-

nonspecific coulombic attraction if the salt level is low. The

v

' kaolipite edges contain brokez bonds which make these sUrfaces reactive

. . ot - ~
to metals and hydrogen ion. Noaspecific' Cu sorption on the edges is

. . - .
.unlikely because they appear to be positively chatged. The edges do

contair® surface sites where copper can complex to reactive oxygens by

specific yhemical sorption. Anothe: form of specific chemical sorptien

may be induced surface precxpltatlon whlch does not need reactive
3

- 4

surface sites. Surface pggcipitation may start at the edges where the

positive surface charge causes an increase in the local pH of the

diffuse layer. .Precipitation may also be lnduced by Cu accumulations at

the upper and lower fa}es. with increasing sorption time metals appear

* ‘ i - - - - -
to become fixed on clays. One explanation for this fixation is that .
metals are able to enter the clay structure through defects or through

the pséudohexagon&l holes in the tetrahedral layer. A further

complication to Cu sorxption on kaolinite is the effect of kaolinite

v .
flocs. If a cent"lfuged kaol*11te Ls an accurate analogy to a kaolinite

.

floc uhen the Lormatxon of clay flocs may induce extra Cu sorption.

LY



-

. 7w

It is probable that all the| mechanisms predicted by the kaolinite

structure countribute to Cu sorptiom.

mechanism will depend upon pH ,salt concentration, and time.

L]

The relative contribution of each

Because of

this it is possible to design experiments which may identify these

mechanisms. A summary of the characteristics of these mechanisms is

given in the followiﬁg tables.

useful in iIdentify the sorption mechanisms.
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TABLE II-4

PROPERTIES OF NONSPECIFIC COULOMBIC ATTRACTION

Diffuse laver Stern monolayer at surface
1) Ne preference between iomns of - Siight preference for ions
of the same chargé. with smaller hydrated radii.
2) Independentrof temperature. Slight decrease with temperature.

3)

Important for group IA and IIA cations which form weak bonds with

oxygen. (Have low first hydzrolysis constants compared to metals.)

4)‘Reve;siple.
5) Rapid adsorption and exchange properties.
) Adsorption_of trace cations decreases with increasing salt level.
7) Higher valent cations are preferred, particularly at low salt levels.
TABLE II-5
PROPERTIES OF STRUCTURAL PENET%ATION p -
1) Very slow sorption kinetics. . |
2) Irreversible. (Structural penetration would be préven by (

3)
4)
5)

6)

.
irreversibility to a desorption technique which is known to remove all

copper adsorbed on the surface.)

May be restricted to cations with an ionic radius smaller than .74 A.
Cation dehydration is a major obstacle.

May be favored by higher pH where dehydration is easier.

May be favored by higher temperatures which make solid i?ﬁte,diffusion

and dehydration easier.
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TABLE I1-6

PROPERTIES QOF SPECIFIC CHEMICAL SORPTION

Surface complexation

Induced surface precipitation

1) More resistant to complexation
by ligands in solutien.

2) Faster sorption (minutes).

3) Smaller sorption capacity limited
by the amount of specifie sites.

4} Cu well spread out oa surface.

6} Associated with suzfaces with

oxygens bounded to one Al.

Subject to ligand complexation
followed by desorption.

Slower sorption (hours. to weeks).
Larger capacity not limited by
sites.

Cu bunched togethér.

Associated with surfaces with

nonreactive oxygens.

7) Sharp increase in sorption over a marrow pH range. The pH of this

—

sorption jump depends on the element's hydrolysis constants.

8) Sorption decreases with temperature due to entropy loss durizg

sorption.

%) Important only for elements which form strong bonds with oxygen.

10) Less reversible than nonspecific coulombic sorption.

TABLE 11-7

SORPLION IN CLAY FLOCS AND INDUCED BY CENTRIFUGING

1) A }entrifuged clay can be considered an analogy to a clay floc.

1) The apparent sorption during centrifuging is real.

3} The sorption during centrifuging has a specific chemical component.

4) This sorption is not fully reversible.



CHAPTER III

N CHEMICAL KINETICS

INTRODUCTION:

Studies of chemical reactions which do not measure the effects of
time are essentially equilibrium type studies which may be described
witﬁ the aid of thermodynamics. Thermedynamics describe re§ctions by
comparing the energy levels of the reactants‘with the products without
being concer'ed with the energetics of the pathways leading from
products to E;actants. Thermodynamics can adequately predict reactions
if the Pathways are simpl% and have no energy barriers which prevent the
attainment of equiliﬁrium. However, many reactions are sufficiently
complex and/or slow so that the reaction steps cannot be ignored. A
very useful method of studying these reaction paths is to monitor
reactions as a function of time, which brings us into the realm of i
kinetics. Kinetiec studies may be able to separate fast and slow Steps
in a given reaction, and when measured Teaction rates are considered in
light of varimble chemical environments a great deal of insight may be
.éained into important reaction mechani;ms.

Since this study will make significant use of kinetics in the
investigarion of sorption mechanisms on %l§y minerals it is necessary to
provide some background into kinetic theory. This chapter will

initially outline the basic principles of kinetic theery. Then it will

describe some kinetic applicatiecns in the study of sorption on clay
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sized materials, and will discuss their relevance to Cu sorpéion on

kaolinjte.

%\ | S PRINCIPLES:

Kinetic theory has been described in comsiderable deéail by
Benson (196Q); Laidlerx (1965), Edwards (1965), Sykes (19é6), and
Pennetier aund .Souchay (1967).° Condensed reviews of kinetic theory can
be found in Lasaga and Kirkpatrick (1981) and Stumm and Horgan.(19é1).
This section is a brief review of some of the primciples fourd in these
references.

Most reactioms are made up of a combination of elementary
reactious, which each rep;esent a single step in the overall reactioa.
Uniike the chemical process under study each elementary step isfyath
independenz. The mechanism or mechanisms which comtrol the overall
react;on are made up of some combination of elementary steps. The
overall reaction rate‘is given if all the elementary reaction rates are
koown. If an overall reaction is described by equation (1) and if the

stoicheiometry is correct then the rate law given by (2} is correct.

1) ad + BB ... — pP + qQ
2) _14d[al 1 4lB] -1 d4[2} _ -1 4[q]
Tate = —« —— ® — —— a ,, =l —— = = -
g a t b d P t q dt

The concentration terms in rate laws, [¥] can be in moles per
liter if the reaction is homogeneous. Heterogeneous processes, which
invslve reactions across phase boundaries, should be Eescribed by Tate
iaws in which the concentration terms imclude the speciflc area between

the phases (le moles/cmz/liter or moles liter/cmz). Often rate laws
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can also be expressed as follows.

3) rate = k[Al™[3]™ .. (1[N

" In equation 3, k Is the rate constant which must be determiped by

experiment. The exponents, nX, can be positive or negatlive integers ot
fraction;tzand must also be determined by experiment. The order of a
Tate expression is given by the sum of these exponént#. If the sum of
exponeats is zero then the rate is zero order, and if it is n the
overall reaction is considergd to follow nth order Rinetics.

Rate expressions for elementary reactions of different orders
have different forms and it is worthwhile reviewing them. The
unimeolecular reaction given by equation &4 follows a first order rate law
Eiven by equatiom 4.

&) oA =

’ %
5} -d[A]
. it = k[A] .

The first order rate comstaat, &, has units of time-l, and it
relates the disappearance of 4 to the remaining coucentraﬁion of A.
First order rate laws are commonly used to describe many reactions ia
solution, and they have widespread use in the description of radicactive

decay. Reactions which involve the interaction of two reactant

molecules, equations 6 and 8, can be described by second order rate-

laws, equations 7 and 9.

6) A+ 3B —Ji> C

7) -dlA]
\ 3 - k[A][B]
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8) A+A 8 ¢
9) -alal 2
dt k(al

In equation 7 the overall rate law is secoﬁd order with a rate
cdnstaﬁt, k,'which may have units of concentration-l timebl.
However, with respect to the individual species A and B the
‘disaﬁpearance of A is still first order. Since equati;n 8 involves "two
molecules of A the rate law given in k9) is second order with réépect to
_ A. .Some reactiomns appear to have a comstaut rate which is independent
of conceutratioﬁ. If Teaction 10 is coutrolled by such zero order

kinetics it can be described by the rate law in equation 11. The zero

order rate constant 1 have units of concentration per umit time.
10) A —iy- p . . .
4
11) -d(al _ K

* de

In order to work with rate expressions and to determine rate
constaﬁts it is necessary to integrate rate laws. Some :omplex rate
expressiod% can be very tedious to intéérqte. The following are some
simple examples of fntegrations for the previously mentioned rate laws.
The zero order rate law shown in (11) is easily integrated to (12).

12) (Al = [Alo - kt

The half life for this reaction is given by:

S
13) tl/Z 0
2k
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The origiﬁal concentration of A is given by [A]O. The first
order rate law (5) is integrated to:
14) lafA] = ln[A]o - k& i

The half life for a first order reaction is given by:

15) / . _ o2
\ 1/2-° Tk

The integrated form of higher order reactioas, where u is the

order, is given by:

16) -l . (aendke e

EA]n-l [A]On-l % /

When reactious of first order and higher begin to approach

Y

equilibrium or a steady state, reverse reactions may start to influence
the rate. 1If the reaction is so fast that it cannot be monitored far

enough away from equilibrium for the forward reaction to dominate then
one must account for the reverse resction in the rate expression. When

the forward and reverse rates have equal magonitude the first order

kinetics must be written as:

17) dfal .
T k([Mequil - [aD)

18) la IA}equil oL S
. [A]equil - [AIO
[Alequil = equilibrium concentration of A

-

[A]O = initial concenmtration of A

In order to understand the reaction mechanism one tries to

analyze the overall reaction rate by determining the ‘contribution of

each species to the rate law. Uafortunately many reactions are so
L
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complex that it is difficult to obtain a meaningﬁul rate constant, not
to mention worrying about the order of participating species. Two
experimental strategies have been developed to simplify the rate laws so

v

that the kinetics can be evaluated. One of these is the initial rate

method which can be used if the overall reactiom is siow or 1f the
concentfations of some specles are buffered. The basic strategy 1Is to
measure the initial rate after the reaction has been started. At this
point the concentrations of the reactants =ave not changed much and-
significant amounts of products.have not been built up to ilmitiate
reverse reactions. In order to determine tge contribution of a given
reactant to the rate iaw, experiments are started with different ifnitial
amounts of tﬁat reactant whil;_the coucentratlions of other reactants
remain constant. The relalﬁsn between the initidl rate and the initial

concentration of A will tell us what coatribution A will make to the

overall rate law. If the rate law is:

]

rJ

TA n3 =19

31, 1cl,

19) df

E = (Al

re

Holding the initial concentrations ({B]O, [C]O) coustant the

rate becomes:

20) dale] _ ' DA
rate it k [A}o

. 21) ox: log rate = log k' + nA lcg{A]O
Iﬁ equation 20 the rate law assumes a first order form with
respect to the initial concentration of A. IThe rate constant, k! is
conditional to fixed concentrations of B and C. Plot;ing log rate

against log [A]O gives mA as the slope. This procedure can be

L4
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Tepeated with the other reactants to get nB and nC.

Yany natural reactioms are too complex for the initial rate

-

method. Plots of concentration versus time are curved and there i{s no

way of unambiguously defining the initial rate. For this situation one

.

can employ the method of isolation. The object is to try to find a
conditiéu where one or more of the components will remain constant. This
can be accomplished by having some of the reactants in excess, by having
them buffered, or by adding more reactant as it is being counsumed. For

exémple, if the reaction is:

22) A+B = C+D
23) -d[A )
4 - k[A]IB] )
if [B]0 >> [A]o N
24) Then: -dfA

alal k[B]O[A‘I = k'[A]

By simplifying equation 23 we have reduced the order of the
Teaction, making it.easier to determine the rate constant. The rate.
constant is determined fro? the Integrated form of equation 24 (see
equation 14) by ploEéing In [A] versus time; The slope of this line
will give the rate comstant, k'. Liée would be made even easier if the
rate law could be reauced te a zero order form as in equations 11 and
12. Thén a plot of [A] versus time would give a straight line with a
slope of -k'. To deFermine ;h;«effect of A on the rate law one can do
several experiments with different initial concentrations of A. Then

the initial rate method can be used to determine nA.
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TABLE III-1

SOME FYAwPIES OF HOU FLEMFNTARY REACTIONS rOMAINE 70O FORM A RATE® Law

- Oppoatneg rescctions: -

k.,
Tasction AL

13

-1
”»

.
-dis - ) M

tate law _._;_1 - k, (Al - k_llll

Fl

consecutive irreversible reaczlons

K, k.,
Teaction A — B —_—
Tate laws elal *
v -k:[AI .
. dfs
——..I =k, {Al - k.[B]
(-5 - -
dicl
ot k,(B]

-
1f the intermediate product L(a at a steady state then itz coocentration

can bda rteplaced dy [A] and the aquilibrium comstant batwaez A and 3.

) -"".Lﬁ - k‘K(A[

de

Concurrtent or satailel reactions formine the same product

kl
Teactlons A — C
k. )
- B o=
5

Tate law g_C_i - kl[A] - k..IBI . k}[,\]ial
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B
v

There are various possible eombinations of elementary teactions
which can make up a rate law. Each combination can give the rate law a

- *.4‘
different form. Table III-1 illustrates several examples of how

elementary reactious.can combine to make up a rate law. ~

Kinetics are related to thermodynamics by the principle of
detailed balancing (or microscopic reversibillty) which states that at
equilibrium the rtates of forward and reverse‘mieroscopic processes are
equal for every elementary reaction. If this is not true we ouly haveAa
stea&y_state and not true equilibrium. The equilibrium constant is
given by the overall forward and reverse'ratelconstents. The

equilibrium constant for the reaction in equation‘ES is given by

Hequation 26.

25) A —== B

©) w ok

(] k_

Reaction rates can be determined either by traosport processes
such as diffusion or by chemical reactions which might iavolve breaking
or forming bonds, and/or changes im various entropy contributions. In
solution fast teactions are usually only limited by trassport
mechanisms, while slow reactions are eontrolled by chemical processes.

If the rate of a reaction ie only limited by the collision .
frequency of reacting molecules then a calculation of this collision

rate will; give us the speed of the reaction. The Smoluchowski
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expression for eacounters through diffusionm will give us the collision
Tate for two uncharged molecules in solution.

27 4N (D + D

bR+
1000 B" AB

collision raté‘ = Lk

The separation distance dpqn,é ctollision between A and B is

T,p° N is Avogadro's number. Tihe diffusion coefficients, DA and

DB’ can be calculated with the Stokes-Einstein equaﬁion for spherical

particles,
28) D = RT —
6MiarN

A
The radius of the spherical particle is r and the viscosity is A%,/’o /r

‘ . P f _
given by n. Collision rates calculated from equation 45 fall into the J ;5*3

) - £
£ 1010 ¢ liter) sec™l, which 1s ¢ £ Too

.raunge of noles/liter} “sec ~, which s in the range of many . ,«ﬁgr,
o C e Pyl

observed hydrolysis reactions (see table III-3). If "the interacting ¢
particles have like charges then the collision rate will be reduced, -
while if they have opbosite charges the reaction-rate will increase.

Reactions with rate constants as low as 10-11 (moles/liter)-l
sec” ™ are much too slow to be conérolle& by transport processes in
solution and must be limited by chemical interactioms. The two theories
which have been devised to evaluate these chemical prdbesses are
collision theory and tramsition state theory. ;

According to collision theory a reaction will only take place
when the reactants come together in the proper orientation and
counfiguration, and with enough energy to become an activated complgx.
The rate constant for two molecules to interact i{s given by:

29) k= pze T/RT
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In equation 29 p is an empirical, dimensionless steric factor
which accounts for the fraction of collisions having the right
orientation and counfiguration fo permit the reaction to take place. 2
is the specific collision rate with units of (moles/liter)-l time—l.
The energy associated with the fractiocn of collisions having enough
energy to enter the activated state is givea by E, which is
approximately equal to the activation energy.

In tramsition state theory a reaction doesn't happen until the
Teactants form an activated complex which thern readily transformﬁ itself
into products. The difference from collision theory comes from the fact
that tramsition sgate theoTy assumes that the reasctants are in
equilibrium with the activated complex. If the energy required to form
the activated complex is very large, so that its formation constant is
very low, the reaction will be sluggish. )

The éhange in the rate constant with temperature is related to
the activation energy. Arrhenius used the Van't Hoff equation as an
analogy to devglop the following expression to relate the temperature

dependence of the rate constant to the activation energy.

30) dipk _ Ea

dt RTZ

If the activation energy is temperature independent then equation

30 can be integrated‘to equation 31. N

T 31) k = Aexp(-l’-.':a/RT)

—

In equation 31, A is koown as the probability factor and may be a

function of temperature (T).’ Ea is the activation energy which can be

expressed as:
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-R dlak

32) -
a d{1/T)

The activation energy will be given by the slope of a plot of lok
versus temperature. If the plot is curvéd then Ea is a furetion of
temperature. The activation energy of the overall resction is made up
of the sum of activation energies from the eiementary reactions. Not
onlf do activation emergies give the temperature dependence of the
reactiou Tate but they also give an indicatiom of the reéction
mechanism. Fast 'reactions temd to have large probability factors and/;r
small activation energies. Slow re;ctious have small probability fac&ors
and large activation emergies. Some sample activation energles are
given in the foilowing table.

EXAMPLES OF ACTIVATION ENERGIES EXPECTED FOR DIFFERENT REACTION TYPES

Reaction type : activation energy (kcal/mole)
diffusion in water <5
surface countrolled reactions 10 teo 20

diffusion in minerals ' 20 to 120

Sorption reactions will have §}milarities to ion Interactions in
solution. In both cases metals will experience électrostatic
interactions with other iomns, and they may undergo coordination changes
by forming or breaking metal oxygen bonds. The main difference is that
reactions ip solution are homogeneous while sorption reactions are

heterogeneous, iavolving two phases. The kinetics of sorption reactions

should be similar to ion interaction in solution except that sorption
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processes will be,sloweé down by (1)the availability of surface area,
‘O(Z)ghe transport of ioms to and from the surface, and (3)a significant
change in entropy produced by sorétion. Factors 1 and 2 will fgduce the
collision probability between a metal and a surfa;e.sites. With these
reservations, it is still useful to compare sorptioﬁ kinetics to the
Kinetics of ion int;ractions in solution. Table III-3 gives the rate
con#tants of some selected reactioms in solution in order illustrate the
range of rate constants expected for some common reaction types.

Table III-3 illustrateg that acid - base reactiomns, and tge
formation of ligand complexes can be very fast. Therefore, reactive
edge s}tes on clays, which are easily accessible, may be expected to
3apidly coordinate metal ious 8nd§CO quickly respord to changes in
hydrogen ion activity. On the other hand, zeactions which require a
ligand exchange with a previously existing complex can be verf slow..

Metals bound to some surface sites may be slow to react with ligands

added to the clay System because the metal clay bonds are hard to break.
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. TABLE III-3

SELECTED RATE CONSTANTS

reaction . Tate constants

" acid - base reactions EICH sec)-l L sec™t
£+ on = H,0 - 313 * 10%% 2.3 % 107 (1)
B+ 56&'2 = HSO,O - 1 % 301t 1 % 10° (1)
K"+ Ho,” = H,CO, 6.7 x 1010 g % 108 (1)
B+ N, - N, 4% 1010 2 (1)
electron tranéfer; k (M secj-l .
¢ﬁ+2 +e = Cul 2.9 * .‘LO10 (1)
o, +e” = co," + ¥ coor 7.7 % 10° (1)
exchange fo; inzer sphere water k sec”
Cu(,0)* + 4,0 833 * 10° (1)
Hn(H20)+2 + 4,0 3.1 % 10’ (1) -
Fe(H20)+z + H,0 3.2 * 10° - (1)

| N:L(Hzo)?"2 + H,0 e 2.7 * 10" (1)
r&ac;ions with ligand égapléxes kl sec k-l sec
Ni(en), - gi*z + 3en 86.6 (1)
ca*? + 50,77 - cuso, 10’ 1% 10 (2)°
ug ™t 4 504'2 - MgéOA ; 1 % 10° 8 * 10° (2)
Be'? + 504‘2 = BeSO, | 1+ 10° 1.3 * 10° (2)
CoIII(NH3)5X+2 + 1,0 -CoIII(NH1)5H20+3 + X '
X ="HCo, | : 1.6 * 107° (1)
X = ﬁos 2.6 * 107° (1)
x = Cl 1.67 * 107° (1)

1) Sykes (1966)

2)Edwards (1965)
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CHEMICAL KINETICS IN SORPTION STUDIES:

The purpose of this section is to review some ap?lications of
kinetics to the study of sorption reactions. Mos; of the example
studies degl with me;als‘being sorbed onto soil materials. The last
parﬁ of this re;Iew will mention some mathematical models which have
been used to study phosphate and pésticidé sorption in soils.

Chen et al. (1973) found that phosphate sorption on kaolinite and

P )
Al oxide was controlled by a fast reaction, lasting from 12 to 24 hours,

and a slow mechanism which continued for 60 days. The slow reaction

increased with a larger surface area and a lower pH. The activation .

renergy for this reaction was 10 kl/mole and, at pH 5 the first order Tate

constant was 2 = 10-4 daybl. Nucleation and growth were believed to

be the rate limiting gactors. Griffin and Jurinak (1974) also found two

sorption reactions in the uptake of phosphate by calcite. The fast

mechanism had a second order Tate constant of .26 * 10-1 M-l sec_1

and was believed to represent the adsorption of phosphate on the calcite

surface. The slower reaction had a fizft order rate comnstant of .15 *

:‘.0_4 seg_l and was probably controlled by the surface arrangement of

phésphate clusters into Ca phosphate heteronuclei.

| Rophael and Malati (1972) measured Ca sorption on Mn dioxide with
an electrode and observed that there were two first order sorptioﬁ
mechanisms. The fast reaction lasted up to six minutes and had an

activation energy of 18.1 KJ/mole. The slower Teaction was measured

-

from 6 to 18 minutes and had an activation energy of 32.9 KJ/mole.

"
Ahrland et al. (1960) measured the sorption of Na+, Ca+2, Ba+",

U02+2, cat3, 2z(IV), Nb, U(IV), Pu(IV) on silica gel. The

e
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sorpt{gn of nomh