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ABSTRACT
An experimental investigation of metal-organic co-adsorption was conducted using

cadmium and citrate in the presence of corundum. The experiments were performed
in the pH range 3.0 to 10.0 in a 0.01M NaCl matrix with citrate:Cd ratios of 0.00 and
10.00. The presence of citrate enhances cadmium adsorption between pH 3.5 and 7.2,
and reduces it above pH 7.2. The results from the experiments provide constraints on
the thermodynamic properties of the surface complexes. The adsorption of Cd is
quantified by the competition between aqueous CdCit' and the surface species
>AICitCd’, >AlOCd*, and >AlOCdCI°. The experimentally determinied equilibrium
constants provide a means to predict Cd mobilities in groundwater systems by
describing the relative stabilities of surface and aqueous metal-organic complexes as a

function of metal-to-ligand and solute-to-sorbent ratios.

RESUME
La co-adsorption de compléxes metal-organiques a été étudiée pour le cas du cadmium

et du citrate en présence du corindon. Les expériences ont été menées entre les pH 3.0
et 10.0, avec 0.01M NaCl comme sel de fond et en utilisant des ratios citrate:Cd de
0.00 et 10.00. Le citrate favorise 1’adsorption du cadmium entre les pH 3.5 et 7.2 mais
le reduit au-dessus de pH 7.2. Les données expérimentales ont été utilisées pour
quantifier I’adsorption du Cd et du citrate a ['aide d’équations de masses.
L’adsorption du Cd sur le corindon est quantifiée par la compétition entre le compléxe
aqueux CdCit" et les compléxes de surface >AICitCd’, >AlOCd’, and >AlQCdCY’.
Les constantes d’équilibres calculées dans cette étude peuvent ainsi étre utilisées pour

prédire le devenir du Cd dans les eaux souterraines en calculant la stabilité des



compléxes métal-organiques en solution et a la surface d’(hydr)oxides d’aluminium et

ce a différentes concentrations de Cd, de citrate et de sites de surface.



INTRODUCTION

Interactions between crustal fluids and mineral surfaces have important
implications to many geological settings. Mineral surfaces are reactive and are known
to complex with a number of solutes (e.g., Huang and Stumm, 1973; Hoh! and
Stumm, 1976; Stumm et al., 1980). These reactions can aﬁ"éct processes such as
transport of metals in groundwater (Zachara, 1993) and porosity enhancement in
sedimentary basins (Fein and Brady, 1995 and references therein). Contaminated and
natural aqueous near-surface crustal fluids can contain large concentrations of
dissolved organic matter, and there are numerous possible interactions that may occur
between these aqueous organic compounds, mineral surfaces, and dissolved metals.
Organic compounds can coat mineral surfaces, enhance/hinder mineral dissolution
(Herring, 199X), and enhance/hinder adsorption of dissolved metals (Tipping, 1981;
Davis, 1982, 1984). While many studies recognize the importance of organic
compounds on the mobility of heavy metals in crustal fluids (e.g., Reuter and Perdue,
1977; Vuceta and Morgan, 1978; Davis, 1982, 1984; Lovgren et al., 1987; Lovgren
and Sjoberg, 1989; Lovgren, 1991; Girvin et al, 1993; Jardine et al., 1993)
interactions between mineral surfaces, organic compounds, and dissolved metals are

still poorly understood and quantified.

An understanding of these metal-organic-mineral interactions is fundamental
to better predictions of mass transport in the subsurface. Aqueous geochemical
modelling enables the prediction of the mobility of chemicals on the basis of their
thermodynamic properties. Geochemical modeling, assuming thermodynamic

equilibrium, is an appealing approach as it requires a relatively small number of input



parameters to predict speciation. For instance, a thermodynamic model could
simultaneously account for aqueous and surface speciation, precipitation and
dissolution in a system, provided the equilibrium constants for the relevant reactions
are known. For example, Tessier et al. (1996) used hydrolysis constants of metals and
surface complexation reactions to describe the sorption of metals to diagenetic iron
and manganese oxyhydroxides in two lakes. Thus, thermodynami;: models of relevant
geochemical reactions, augmented by physical flow models of groundwater, can be

powerful tools for assessing mass transport in the subsurface.

The principal goal of this Master’s Thesis is to determine the formation
constants of surface complexation reactions (adsorption) in mixed aqueous metal-
organic acid-mineral surface systems using Cd(Il), citrate and corundum. Corundum
(a-Al,0;) occurs chiefly in crystalline rocks (e.g. granite, nepheline syenite, gneiss,
mica and chlorite schist), however it is an important chemical and structural building
block of geological aluminosilicate minerals contacted by groundwater, making it a
useful analogue to >Al-O surface complexation sites. Cd(II) is an EPA priority
poliutant (Keith and Telliard, 1979) and because it forms generally weaker bonds than
other heavy metals it should also be more mobile. Citrate (C,0,Hjy), a trifunctional
carboxylic acid was chosen because is forms strong complexes with metals and is
common in soils (Huang and Violante, 1986). While citrate is not a major building
block of organic substances, it can serve as an analogue for naturally-occuring or
environmentally-important multifunctional organic acids. Note, however, low-
molecular weight (LMW) organic acids are not perfect analogues to the more complex

organic molecules. They display similar types and orientations of functional groups to



more complicated organic matter, and therefore the two types of molecules should
display similar chemical behaviours. However, the effects of the physical
characteristics of organic substances on metal speciation, such as electrostatic fields,
hydrophobic properties, the colloidal aspect of organic matter, etc. cannot be

simulated with LMW organic acids.

This thesis is composed of three chapters. In the first chapter, I present the
basic concepts and assumptions relating to solute adsorption onto metal oxides. The
first chapter also describes the experimental procedures, and the methodologies
employed in modeling adsorption data. The second chapter is the reprint of an article
published in Geochimica et Cosmochimica Acta (Boily and Fein, 1996) on the co-
adsorption of cadmium-citrate on corundum. In this chapter, some topics of the first
chapter are also discussed in greater detail. The third and last chapter is the

conclusions of the thesis.



CHAPTER 1

BACKGROUND
Surface functional groups

Mineral surfaces display dangling bonds which result from incomplete crystal

lattice bonding. In aqueous systems, these dangling bonds are satisfied by binding
with water molecules (Davis and Kent, 1990). In géneral, water molecules that are
coordinated to one surface cation are considered to be proton active in the pH of
natural waters (e.g. Hiemstra, 1989a,b). That is, they can act as proton
donor/acceptors and therefore display pH-dependent properties. Adsorption reactions
that take place on metal oxides are mostly ascribed to those sites. Water molecules
that are coordinated to more than one surface cation are considered to be unactive,

though solutes can interact with these sites by means of chemical interactions.

Acid/base titrations of suspensions of metal oxides can be used to determine
the concentration of proton active surface sites for a given aqueous composition and
ionic strength. Titration curves are easily visualized with plots of H" _ ume
(Honsumed=Cacia"Chase = 107 “(v1.)" + K., ¥y - 10°%) as a function of pH. These plots
show that the amount of H" consumed by the surface reaches a plateau at low pH,
indicative of the saturation of proton active surface sites. Typical values of proton
active sites are on the order of 1-2 sites per nm® (e.g. Lovgren er al., 1990) while
calculation of the site density from crystallographic considerations would yield 5-15
sites per nm* Thus, only a fraction of surface cations appear to be coordinated to
water molecules which display amphoteric properties. The value of H' e

decreases with increasing pH, indicating surface deprotonation. At the H', qme=0



region, titration curves display a sub-horizontal trend, indicative of a low buffering
capacity. This behaviour is similar to that of diprotic acids whose buffering capacity
is at its lowest when the concentrations of L and H,L® are equal. Mineral surfaces are
also considered to act as diprotic acids with the following equilibrium reactions
(Stumm and Morgan, 1981):

>MeOH," & >MeOH’ + H' log K,

>MeOH’ & >MeO™" +H*  logK,
where >Me refers to a metal at the mineral surface. This model will be referred as the
‘2pK model’. Thus the pH at which H_,..,~0 corresponds to the pH at which the
concentration of >MeOH,'" equals the concentration of >MeQO™, or the pH of zero
point of charge. This point also corresponds to the pH at which the total net charge of
the surface is zero and it can coincide with the isoelectric point, determined by

electrophoresis.

The 2pK model has been successful at modeling surface acid/base titration
data, and metal ion and organic acid adsorption for a wide range of metal
(hydr)oxides. While it offers a poor physical description of the surface sites, it can
still be used to explain the acid/base equilibria at the mineral/water interface. Van
Riemsdjik (1987) proposed that successive protonation/deprotonation steps involve
two different water molecules bound to the same surface cation. This is a well
established concept for the hydrolysis of cations in solution where the successive
deprotonation of Al**, for example, involves the deprotonation of a different water
molecule at each new protonation level: ie. Al(H,0);* =Al(H,0),0H ** + H" =

- AI(H,0),(OH), " + 2H" and so on. Thus, doubly coordinated aluminum would exhibit



5 protonation levels (Fig. 4 of Chapter 2), of which only 3 are detectable in natural

water pHs.

Complexation of cations and anions at the metal oxide/water interface

The acid/base properties of metal oxides, as shown by the above equilibria,
indicate that positively-charged surface sites dominate in acidic conditions, .and
negatively-charged sites in alkaline conditions. Anions should therefore display
greater affinities for mineral surfaces in acidic conditions whereas cation adsorption
should be favoured under alkaline conditions (Stumm and Morgan, 1981; Stumm et
al., 1980). The adsorption of solutes on mineral surfaces is usually described by the
association of a proton active surface site with a solute by means of
electrostatic/chemical interactions. Adsorbed species also modify the electric
potential of the solid/solution interface. For example, a high concentration of
multifunctional organic acid anions may drastically reduce the positive surface charge
at low pH, thereby reducing coulombic repulsion between aqueous cations and the
surface. Cations can therefore sorb more easily either on (1) adsorbed anions or (2)
directly on negatively- or neutrally-charged surface sites. For example, polyfunctional
organic ligands that adsorb in low pH conditions may exhibit uncomplexed and
ionized functional groups onto which cations may adsorb, giving rise to a surface
ternary complex, i.e. >Me-Ligand-Metal (Schindler, 1990). This type of surface
complex is particularly important in organic ligand-bearing fluid/rock systems and can

thus play an important role on the mobility of metals.

Citrate, the ligand used in this thesis, is a trifunctional carboxylic aliphatic acid

with one OH group. It could sorb to the surface of corundum as mono-, up to tetra-



dentate complexes. Surface binding modes depend the protonation of citrate in
solution (and is thus pH dependent), on surface coverage, and on surface electric
potential. Citrate molecules adsorbed in mono- or bi-dentate coordination display at
least on free carboxylic group with which metals may bind, and thereby form a surface
ternary complex. In addition, the flexibility of the citrate molecule could aiso allow
the cadmium-citrate surface complex to reorganize itself in order to reach the highest‘
configurational entropy. The overall stability of this surface complex however
depends on the relative stability of the surface and aqueous metal-citrate complex. In
this thesis, I present results of experiments for the adsorption of Cd onto corundum in
the presence and absence of citrate. The adsorption of Cd and citrate is assumed to
take place on proton active sites, as described above. In addition, because the
structure of corundum consists of AlO, octahedra stacked in hexagonal close-packed
coordination, with one vacant octahedron out of three, and that the vacant octahedra
are not interconnected through-out the structure, I value that internal absorption of
solutes within the structure cannot be possible. Also, while kinks, steps and terrasses
are certainly present on the surface of corundum, their effects on Cd and citrate
adsorption cannot be quantified, or even considered, with the approached employed in

this thesis. The surface is assumed to be flat and devoid of these features.



EXPERIMENTAL PROCEDURES

The adsorption of Cd and citrate on corundum (a-Al,O;, Aldrich Chem.) was
measured as a function of pH at 25+/-1°C. The corundum powder was washed with
10% HCI or HNO, and 10%NaOH. After acid and base treatment, the powder was
rinsed 15 to 20 times with doubly distilled deionized water until the supernatant was at
approximately pH 8.5. The solids were then dried at 70-80°C. Washing the solid
minimizes the occurence of ultrafine-grained particles which can cause anomalous
aluminum dissolution during the course of the experiments. Surface area was
measured by the N,(g) BET method to be 9.3m’g (Fein and Brady, 1995). All
experiments were conducted with reagent-grade chemicals and doubly distilled

deionized water.

Surface titrations and adsorption experiments were carried out in Teflon bottles
with N, gas bubbling through the solutions to purge CO, from the system.
Temperature was controlled by piacing the reaction vessel in a water bath, and the
solution was mixed using a Teflon-coated stirring bar. H" activity was measured,
cither with a gel-filled combination electrode or with a glass combination electrode

with an outer reference cell of 3M KCI.

Potentiometric surface titrations were carried out with an automated
titrator/autoburette assembly with HCl and NaOH titrants, standardized against K-H-
Phthalate. A maximum emf drift of 0.1mV/s was allowed by the instrument between
each titrant addition. Because of this poor constraint on pH stability, small dilute

titrant volumes were required to ensure fast equilibration times. Because corundum

10



dissolves during the course of the titration, the titration curve can be influenced by
dissolution and hydrolysis. In excess acid or base, the dissolution of corundum wouid
take place as follows:
a-AlLO, + 6H" = 2AI*” +3H,0

a-Al0;+ SH,0 = 2AI(OH), + 2H"

Aluminum hydrolysis would release more H" ions as the pH is increased:
AP +4H,0= AI(OHY +H' +3H,0 = Al(dH){+ 2H" +2H,0=

Al(OH),’(aq) + 3H" + H,0 = AI(OH)," + 4H"
To minimize dissolution and hydrolysis two titrations were required to cover the pH
range of interest, starting approximately at the pH of the solubility minimum of
aluminum hydroxide (pH=5-6) and titrating one suspension with HCI and the other

with NaOH.

For the adsorption experiments, Cd, and citrate were introduced to the solution
by adding a small volume of concentrated parent solutions. The solutions were
allowed to equilibriate for 60 min during which the pH was continuously measured.
During the course of the experiments, pH never drifted more than 1.0 pH unit (and no
more than 0.1 pH unit in the last 10 minutes of the experiments) and the final pH of
the experimental fluids range from 3.0 to 9.0. Two samples for each experiment were
taken and filtered with a 0.1um cellulose nitrate membrane filter. One sample was
acidified with concentrated (70%) HNO, to preserve Cd(Il), and AK(III) and the other
with concentrated NaOH (12M) to preserve and fully deprotonate the citrate forl
analysis. Final metal concentrations were determined with flame atomic absorption

spectrometry, using standard analytical procedures. Citrate concentrations were



determined using ion chromatography, with a 200mM NaOH eluent with a flow rate
of 1.lmL/min, and a 0.5N H,SO, regenerant at a flow rate of 4.0mL/min. The
analytical uncertainties associated with the analysis of the citrate acids is evaluated to
be +/- 5% by ion . Analytical uncertainty for the determination of Cd and Al on

atomic absorption spectrometry is +/-1.0%.

THERMODYNAMIC MODELING

In this thesis, adsorption reactions are quantified using measured losses of H
(for the acid/base titrations), or Cd and citrate (for the adsorption experiments) from
the solution as a function of pH. Equilibrium constants are calculated with the

computer program FITEQL 2.0 (Westall 1982a,b).

The standard states that are employed in this study for the solid phase and for
water are the pure mineral and fluid, respectively, at 25°C and 1 atm. The standard
state for aqueous species is a hypothetical one molal solution which exhibits the
behaviour of infinite dilution. Departures from this standard state for charged aqueous
species are characterized by molal activity coefficients, calculated within FITEQL 2.0
using the Davies equation (Davies, 1938, 1962) -logy, = -Az? (I®*/(1+I°%) - 0.3 1),
where y; is the activity coefficient for species i, 4 is the molal Debye-Hiickel constant
(4=0.5) and [ ionic strength. Activity coefficients for neutral aqueous species are
assumed to be unity. The standard state for surface complexes is a hypothetical site
with zero surface potential. Deviations from standard state are due to electrostatic
interactions between counterions and are corrected with the Boltzmann accumulation

factor (e.g. Parks, 1990):

12
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where Ky, is the ‘intrinsic’ formation constant at standard state, K.opd is the
‘conditional’ formation constant uncorrected for coulombic interactions, z is the
charge of the surface species, F is Faraday’s constant (96485C mol™), v is the surface

potential (in V), R is the molal gas constant, and 7 is the absolute temperature.

Surface potential is measured with difficulty. It is possible to measure the
potential drop across the diffuse layer of the mineral/water interface by means of
electrophoresis, for example. However assumptions on the location of the slipping
plane do not allow electrokinetic potentials to be equal to the surface potential (Stumm
and Morgan, 1981). Instead, the surface potential can be modeled using the constant
capacitance model, CCM, (Schindler and Gamsjéger, 1972) by:

y =cC"
where o is the surface charge, C is the specific capacitance (in Fm? where
F=Farad=CV"'). The molal surface charge is obtained by the sum of the moles of
charges exhibited by the surface species. In electrostatic terms, o is expressed by:
c=T,Fs'a"
where T, is the total surface charge, F is Faraday’s constant, s is the specific surface
area (m* g'), and a is the solid concentration (g I'). The surface potential is then
calculated by:
y=T,Fs'a'C'
The CCM describes the double layer as a parallel plate condenser, separated by a

-distance &:

13



C=g,6/5"
where €, and g, are the relative permittivities of the compact layer and vaccum,
respectively. The value of the capacitance is controlled by the dominant electrolyte
ions that bind to the surface because the size of the hydrated electrolytes influences the
thickness of the double layer. For example, non-specific adsorption of the hydrated Na
ion will result in a higher theoretical C than the hydrated Cl ion. And because
adsorption of Na and Cl are pH dependent, the value of C is also pH dependent.
However, for practical purposes, it is considered to be constant. Thus, is becomes
appealing to calculate the capacitance with above equations. However, the value of
the dielectric constant of the mineral water interface can range from 5 to 78, making

the choice of a suitable capacitance difficult.

Instead, the value of C is found by trial and error when using the titration data
to optimize for the acid/base properties of the surface, and for the total surface site.
The chosen C should be the one that provides the best fit to the data, but must also be
‘substantiated by the chemist’s intuition’ (Westall, 1982b). Decreasing C increases
the calculated surface potential and thereby the electrostatic repulsion between the
surface and ions of same sign. The concentration proton active surface sites can be
controlled both by (1) the availability of singly-coordinated water molecules (Davis
and Kent, 1990), and (2) coulombic repulsion between a positive surface sites and H".
The adsorption of anions (such as CI') reduces surface potential (e.g. Gunneriusson,
1994) and can induce the protonation of additional sites at low pH. Thus, provided
singly-coordinated water molecules are widespread on the surface of corundum, one

could assume that surface potential can control surface protonation. This could

14



explain why only a fraction of the crystallographically available sites for mineral
suspensions in quasi-indifferent electrolytes (e.g. NaClO,, NaNO; or NaCl) are in fact
proton active. The correct capacitance must therefore reflect the maximum capacity of
a surface to take up protons at a given ionic strength and fluid composition. The
chosen capacitance must provide a good fit to the data but must also yield reasonable
values of total surface sites. If one obtains a value for total surface sites of, say,-
0.1moles/l for a coarse-grained suspension, then the ‘chemist’s intution’ must come
into play. The same holds if the obtained capacitance is out of the range pemiitted by

theoretical considerations.

In the CCM, all adsorbed species are assumed to be in inner-sphere
coordination with the surface. The CCM ignores outer sphere complexes and the
diffuse layer. Thus, the surface potential in the CCM decreases linearly away from the
surface. Because of these limited views, formation constants calculated with the CCM
pertain strictly to the ionic strength of interest. In addition, the values of the formation
constants should also pertain only to the medium used (in this thesis NaCl) because
the effects of adsorbed electrolyte ions on surface potential are not distinctively
accounted for in the CCM. Nonetheless, the CCM is equally good at modelling
adsorption and acid/base titration data for a constant ionic strength as any more
complicated model (e.g. Westall and Hohl, 1980). The CCM model is therefore used

in this thesis because the experiments were conducted at constant ionic strength.
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CHAPTER 2

Experimental study of cadmium-citrate co-adsorption onto a-Al,O,

a copy of the paper published in
Geochimica et Cosmochimica Acta (Boily and Fein, 1996)
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Abstract— An cxperimental investigation of metal-organic co-adsorption was conducted using cadmium
and citrate in the presence of corundum. The experiments were performed in the pH range 3.0 to 10.0
in a 0.01 M NaCl matrix with citrate:Cd ratios of 0.00 and 10.00. The presence of citrate enhances
cadmium adsorption between pH 3.5 and 7.2. and reduces it above pH 7.2. The results from the
experiments provide constraints on the thermodynamic properties of the surfuce complexes. We maodel
the adsarption of Cd by quantifying the competition between aqueous CdCit ' and the surface species.
>AICitCd", >AIOCd * . and >AIOCdC!". The experimentally determined equilibrivm constants provide
a means to predict Cd mabilitics in groundwalter systems by describing the relative stabilities of surface
and aqueous metal-organic complexes as a function of metal-to-ligand and solute-to-sorbent ratios.

1. INTRODUCTION

Mineral surface complexation can contral the mobility of
dissolved metals in natural and contaminated water-rock sys-
tems. The co-occurrence of dissolved metals and organic
compounds is widespread in hoth nitural waters and in con-
taminated groundwater systems ( Leenheer et al., 1976: Gir-
vin et al., 1993). In these systems, orpanic ligands can
strongly influence speciation of dissolved metals (e.g.. Reu-
ter and Perdue, 1977; Davis and ieckic, 1978 Vuceta and
Morgan, 1978; Davis, 1982, 1984: Lisvgren ot al.. J9R7:
Lovgren and Sjoberg, T989: Liveren, 1991: Girvin ot al..
1993: Jardine et al., 1993) and can. thus. play a determining
rale in controlling the mability of dissolved metals. Many
investigators have focused on the adsorption of cither heavy
metals (e.g.. Huang and Stumm. 1973; Hobl and Swimm,
1976: Davis and Leckic. 1978h: Gunneriusson et al., 1994)
or organic acids (e.g.. Kummtert and Stmm. 1980: Cambier
and Sposito, 1991: Violante ct wl. 1991: Fem and Brady.
1995) on metal oxides and their polvmorphs. Few studies,
however. have applicd equiltbrium thermodynamics to quan-
tify adsorption in mixed metal-organe systens.

Aqueous organic ligands in contaminated  groundwater
can cither promote or inhibit metal adsorption on mincral
surfaces. For instance. under ackdic conditions, metal oxide
surface sites are positively charged (Stomm et al.. 1980)
and adsorption of cations doces not generally oceur. However,
multifunctional organic hgands that adsorb onto oxide sur-
face sites in acidic to neutral conditions can change the
surface charge from positive or neuteal to negative, thereby
creating adsorption sites for metd cations ¢ Davis and Leckie.
1978a: Tipping 1981: Tipping et al. 1983). Conversely.
under neutral to hasic conditions, organic ligands do not
adsorb as extensively as i acidic conditions. Under those
conditions. organic ligands can compete with the negatively
charged surface sites Tor the availahle metals in sofution,
and thereby enhance mcetal mobilities.

C Present address: Civil Engineenng and Geological Sciences,
University of Natre Diame. Notre Damie, IN 36556, USA.
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In this study. we examine the mechanisms and the extent
of metal-organic co-adsorption. using citrate. cadmivm. and
a-Ab,0. (corundum). Citric acid. a tricarboxylic acid. is pres-
ent in some contaminated groundwater sysiems (e.g.. the
Hanford site. USA: Zachara et al.. 1993). In addition, citrate
leaching of heavy metal from contaminited soils has been
proposed as a remediation technique (Oak Ridge Nutional
Laboratory. 1993). A better understnding of the cffects of
citrate on metal adsorption is, therefore, cruciad tor under-
standing the speciation of metals in both natural and contami-
nited systems, Cadmium was chosen not only because it i<
an EPA priority pollutant ( Keith and Telliard. 1979). but
also hecause organic ligands should strongly influence its
adsorption propertics, especially under acid conditions. Cad-
mium typically lorms weaker agqueovs and surfuce com-
plexes than do other heavy metals. and therefore Cd should
exhibit a higher mobility under slightly acidic conditions.
Aluminum oxide was used in the adsorption experiments
because aluminum-Chydroxide and aluminosilicate miner-
als are common, and. along with Fe-thydrioxides, are
among the muost reactive sorfiice sites contacted by surface
and ground witers. The objectives of the experimental study
were to document the miature and extent ol metal-organic co-

~adsorption. to determince the conditionsunder which adsorp-

tion competes with agucous metal-organic complexation.
and 1o quantify the interactions using equilibrium thermody -
naies.

2. EXPERIMENTAL PROCEDURES

The adsorption of cadmium and citrate onte a-Al0O, was mea-
sured at 257°C i a 001 M NaCl electrolvte as a function of pil at
citste:Cd ratios of 0.00 and 1040, and at a corundum:solution ratio
of 1:10 (by weight). Reagent-grade a-AlLQO, was successively
wished wath 1007 HCL or HINCO, and 1077 NaOlLl. After acid and
bane treatment, the powder was riased 15 w0 20 times with doubly
disttlled deionized winer until the supernatant was at approcinutely
pll 8.0 -85 The washed solidds were then osen-dricd at 70-80°C.
Wishing the solids minimzes the accurrence of vlirstine-grined
particles which can canne anonidous alumimam dissolution during
the course of the experiments. Surbace area of the washed corundwm
wis determined by the BIZT method to be 9. 30m /g  Fein and Brady.
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1995). Reagent-grade chemicals and doubly distilled deionized wa-
ter were used in all the experiments.

Surface titrations and adsorption experiments were carried out in
Teflon boitles with N, gas bubbling through the experimental solu-
tions 1o purge CO, from the system. Each reaction bottle contained
initial suspensions of 5.0 g of washed corundum in 50 mL of the
clectrolyte solution for the titration experiments, and 10.0 g in 100
mL for the adsorption experiments. Temperature was controlled by
placing the reaction vessel in a water bath. and the solution was
mixed using a Teflon-coated stirring bar. H * activity was measured,
in the adsorption experiments, with a gel-filled combination elec-
trode and, in the surface titration. with a glass combination electrode
with an outer reference cell filled with 3 M KCI.

The surface titrations were conducted with an automated titrator/
autoburette assembly with HC! and NaOH titrants. standardized
against K-H-Phihaiate. A maximum pH stability of 0.1 mV /s change
(the maximum stability atlowed by the instrument) was attained
before each titrant addition. Due 10 this constraint, addition of small
volumes of dilute titrant were required to ensure fast equilibration
times between each titrant addition. Because corundum can dissolve
during the course of the titrations, the titration curve can be influ-
enced by corundum disso'ution and aqueous Al hydrolysis. Titrations
carried out from acidic to basic conditions should display a strong
dependance on metal hydrolysis because agueous Al produced by
acid dissolution would hydrolyze as pH increases. To minimize
dissolution and hydrolysis, two titrations were required to cover the
pH range of interest. The first titration was carried out with the HCt
titrant and covered the pH range from 5.9 10 2.9 and the second, using
a new suspension and the NaOH titrant. covered the pH ranging from
4.1 10 10.7.

For the adsorption experiments, cadmium and citrate were intro-
duced in a .01 M NaCl solution by adding a small volume of a
concentrated cadmium-citrate solution. The initial cadmium and ci-
trate concentrations in the reaction boitle were 10 *™ and 10 """
M. respectively. Another set of experiments was conducted in the
same elcctrolyte concentration and solid:solution ratio using citrate-
free solutions in which the initial Cd concentration was also 104"
M. The duration of cach experiment was 60 min. during which the
pH of the solution was controlled by manually pipetting 1.0 M HCI
or NaOH into the experimental solution when the pH readirgs drifted
more than (.} pH unit from the desired value. Final 1onic strength,
however. was never increased more than two values greater than
0.015. The kinetics of the adsorption reactions were determined by
conducting repeat cxperiments, varying the duration time between
5 and 120 min. These experiments (conducted at pH 4.0. 6.5 and
8.0) show that the concentrations of citrate and Cd in solution remain
constant beyond 60 min of experimentation time. Therefore, a run
duratian of 60 min is sufficient for the adsorption reactions to equi-
libriate. but it is short enough not to significantly alter the ivnic
strength or speciation of the solution due to the addition of buffering
agents or by extensive corundum dissobution. In fact, aluminum
concentrations of the experimental fluids were all below the detection
limit (10 ** M Al of the spectrometer. indicating that Al-citrate
complexation did not significantly affect the Cd or the citrate specia-
tion in the experiments.

At the end of each experiment, two samples were extracted from
cach reaction hatile and filicred through 0.45 pm cellulose nitrate
membranes; ().1 mL of concentrated HNO, (705 ) was added to one
of the samples for Cd and Al analyses and. 0.1 mL of 12 M NaOH
was added to the other for citrate analysis and storage. Citrate con-
centrations were determined using ion chromatography. with a 200
mM NaOH efuent with 2 fluw rate of 1.1 mL/min. and 2 0).5 N H,SO,
regencrant at a flow rate of 4.0 mL/min. Cadmi and alumi
concentrations were determined by flame atomic absorption spec-
trometry. Analytical uncertainties are =5% for the ion chromato-
graph and =1% for the atomic absomtion spectromeler. Because
the kinctics of adsorption are much faster than the dissolution of
corundum. adsorption reactions reached equilibrium before the dis-
solution reaction could proceed to a significant extent.

3. RESULTS
3.1 Potentiometric Titration

The titration curve of a suspension of 100 g/L of a-Al,O\
tn 0.01 M NaCl is shown in Fig. 1. which depicts the net
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FiG. . Titration curve of a suspension of 100 g/L corundum in
a 0.01 M NaCl! solution.

proton molality added to the solution as a function of pH.
Acidity caused by carbonic acid was assumed to be negligi-
ble because the experiments were ali conducted in a nitrogen
aimosphere. The titration curve intersects the no net acid
line (v = 0 in Fig. 1) between pH 9.0 and 9.1, yielding a
pH,.« which is in excellent agreement with experimental and
theoretical studies by Davis and Kent ( 1990) and Sverjensky
(1994), respectively.

3.2. Cadmium and Citrate Adsorption

The percent of Cd adsorbed onto corundum as a function
of pH. is shown [or the citrate-free experiments, and for the
citrate-bearing experiments, in Fig. 2. The percent of citrate
adsorbed as a function of pH for the mixed Cd-citrate experi-
menits is shown in Fig. 3. The experimental results are com-
piled in Appendix A. For cach experiment. the concentra-
tions of adsorbed Cd and citrate were calculated by sub-
tracting measured final concentrations from the initial
concentrations. The solubility of solid 8-Cd(OH), in a ci-
trate-free solution is 107*™ M Cd at pH 9.0, and decreascs
to 10°*"™ M Cd at pH 10.0 (Baes and Mesmer. 1976). Our
calculations indicate that in the presence of 10 '™ M of
citrate, the solubility of solid 8-Cd(OH); at pH 9.6 is 10 4™
M Cd. Therefore, the citrate-free adsorption experiments and
the citrate-bearing experiments (both with 10 *™ M Cd)
were conducted at pH values below 3.0 and 9.6 (cxcept for
one experiment at pH 10.0). respectively. vielding cxperi-
mental solutions that were never supersaturated with respect
to A-Cd(OH),. Furthermore. since the experimental solu-
tions were, in principle, free of dissolved CO,. CdCO\(s)
precipitation was assumed to be insignificant.

The adsorption of Cd in the citrate-free system (Fig. 2a)
is characterized by an adsorption edge ranging from %
adsorption at pH 4.0 t0 99% adsomption at pH 8.3. The systcm
containing citrate (Fig. 2b), shows enhanced Cd adsorplion
relative to that in the citrate-free system under acidic condi-
tions. but less adsorption than in the citrate-free system under
moare basic conditions. in Fig. 3. all of the citrate adsorbs at
pH values less than 6.0, but the fraction of adsorbed citrate
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decreases from neutral to basic conditions, with only 1 1%
adsorbed at pH 10.0.

4. THEORETICAL TREATMENT OF THE
MINERAL/WATER INTERFACE

We model the experimental data using a traditional two
pK model in which >AIOH; . >AIOH". and >AIlO " are
the stoichiometries for the corundum surface species in con-
tact with pure H,O (Stumm and Morgan. 1981). In this
model. the acidity of the surface is quantified through the
following reactions:

>AIOH" + H* = >AIOH: )
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Fii. 2. Experimental results and caleulated agueaus and surface
speciation of Cd in the presence of corundum and 0.4013 M NaCl
The filled circles represent the fractions of Cd adsorbed ((fe4) on
corundum and the thin lincs represent the caleulated frwtions from
cach surface and aqueous species based on our best-litting model.
ta) Expenments with a citrate: Cd rativ of (L0 ¢ 10 *™ M Cd).
The thick line depicts the fraction of the total Cd represented by the
surface species { >AIOH),.CAC1YS. >AIOCd ' and >AIOCdCI"; (b)
Cxperiments with a citrate:Cd ratio of 10.0 (10 '™ M citrate. and
10 *"" M Cd). The thick line represents the fraction of the total Cd
represented by the surface species >AICIICd”. >AlOCd "',
>AIOCUC" and ¢ >AIOH ),CICHY Cinsignilicant), i.c.. model D of
Table 3. This is the model that best fits the adsorption data (therino-
dynamic constrants are repeated in Table 6). The dashed and dotted
lines represent the fractions of the totat Cd represented by the surface
species >AICHCU” and those of models A, B, and C (Table 4).
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Fii;. 3. Experimental data and calculated aqueous and surface
speciation of citrate in the system with a citrate:Cd ratio of 1.0
10 '™ M citrate and 107*'" M Cd) in the presence of corundum
and 0.013 M NaCl. The thick line depicts the fraction of total citrate
represented by the species >AIHCit . >AICit ~*, and >AICitCd".
The thin lines represent the calculated (ractions of each surface and
aqueous specics. based on our best-fitting modet ( Tabie 6).

SAIOH" = >AlI0° + H". (2)

These stoichiometries and corresponding charges for the sur-
fuce sites imply a bond valence for Al of +1. However. the
bond valence of Al in corundum is 2/CN = +0.5 (where
the charge of Al z. is +3, and its coordination number. CN.
is 6). With a bond valence for Al of +0.5. the stoichiome-
tries >AIOH,. >AIOH. and >AIO should exhibit charges
of +0.5. —0.5. and =1.5. respectively. Therefore. to apply
reactions | and 2 10 the corundum surface requires severul
assumptions.

The corundum surface does not display any surface Al
atoms which are singly coordinated with a single hydroxyl
functional group as described by the surface species in reac-
tions | and 2. The surface Al are cither doubly coordinated
{on the 100 crystal plane). forming >ANOH); ' groups, or
are singly coardinated with hydroxyls (on the 001 plane).
but forming ( >A$,OH" groups. However, closer examina-
tion of these two types of groups allows for simplification
to a traditional two pK model.

We neglect the acidity of the 001 (>ADOH" groups
because, according to the caleulations of Hiemstra et al.
(1989a.b) for the gibbsite/water interface. this species de-
protenates only at approximately pH 12, and adds an addi-
tional proton only it pH in excess of —L.5. Provided these
numbers roughly hold for corundum, then singly coordinated
alumina surface groups should not display Brensted acidity
in the pH range of imerest. and should not have contributed
to the acid/hase behaviour displayed in the titration curve.
It should be noted that by neglecting these sites in our inter-
pretation, we may be overlooking Cd and/or citrate chemi-
sorption onto the neutrally-charged ( >Al),OH" sites.

The 100 >AHOH), ' groups display acid/base behaviour
which can be represented by a traditional two pK madel. By
analogy with metal hydrolysis. deprotonation of these groups
should proceed stepwise. In fact, doubly coordinated surface
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Fiii. 4. Surface alumina coordination mudels at the 1% crystal
plane at the e-corundum/water intertiace ¢ 0 crystal plane). Dia-
gram [ shows live doebly coordinated surface afunnna with ditferent
degrees of protonation (each hine surrounding an Al atom represents
ane AL-O bond ). Biagram [ show s the equivalent species commonly
used in the literature. represented as a single Al-O bond Calter Van
Riemsdijh et al.. 1987).

Al sites should display tive protonation fevels (Fig. 3. three
of which are likely to exist under the pH conditions of inter-
est. Hicmstra et al. (1989a.b ) argue that complete deprotom-
tion of an oxygen in these groups can only oceur un-
der extremely alkaline conditions. Therelore, under the pil
conditions of the experiments. >AIO; and ~AKOIOH)
will not be signiticant. The  remainmg  three  proups,
>AHOH)Y:. >ALOIHOHO". and >Al(OH: can be
represented as >AIO | SAIOH", and ~AIOH ;. respec-
tively ( Van Riemsdijh ¢t al., 1987 ). Therefore, reactions
and 2 may reasonably be used to model the acid/Z7base behiv-
iour of the corundum/water interface.

S. THERMODYNAMIC MODELING
5.1. Data Treatment

Equilibrium constants for surface complexation reactions
were calculated with the computer program FITEQL 2.0
(Westall, 1982a.b) using the constant capacitance tmodel
(Schindler and Gamsgiiger, 1972). The standard states that
are employed in this study lor the solid phase and for water
are the pure mineral and fluid. respectively, at 25°C and |

20

atm. The standard state for aqueous species is a hypothetical
onc molal solution which exhibits the behaviour of infinite
dilution. Departures from this standard state for charged
agucous species are characterized by molal activity coefli-
cients. calculated within FITEQL 2.0 by the Davies equation
(Davies. 1938, 1962). Activity cocflicients for neutral aque-
ous specics are assumed to be unity. Because the addition
of NaOH and HCI during the course of the experiments
increased ionic strength to. on average. 0.013 (never more
than 0.015). we model the experiments using a constant
0.013 M NuaCl electroiyte. The standard state for surface
complexcs is a hypothetical site with zero surface potential.
Deviations rom standard state duc to electrostatic interac-
tions between counterions and the surface are corrected with
the Boltzmann accunwlation factor (e.g.. Parks, 1990).

S.1.1. Equilibria as the corundum/weter interface

In this study. we test the ability of o number of different
passible surface complexation reactions to account for the
data. References to the stability constant of >AI0O = H = Cd
= citrate = C! = OH surface complexes refer 1o

a > AIOH" + hCd™* + ¢Cit ' + dCl ' + ¢H,O =
{ >AlO(H),,.,,).Cd.Cit,CL,OH ™ ¥ -1
+le+ OH. (3

where bhinding of a cation to >AIO """ necessarily implics
that a bidendate surfiace complex is being formed. For > Al
= H = Cd = citrate we write

a > AIOH" + hCd"° + Cit * + JH* =
>ALH,, G Gy " "+ HO. (4

The tit parameter that is calculated by FITEQL 2.0. V(Y.
is used as i criterion for determining which reaction or reac
tions best it the data. For each data point. FITEQL calculates
Y. the crror in the mass balance (the dilference between
experimental and calculated values). The weighted sum of
squares of the error is normalized accounting for the number
of datit points, a2, the number of chemical components for
which both total and free concemtrations are known, iy,
and the sumber of adjustable parameters (ic.. formation
constants and total concentration of components ). a1, to give
the overall variance, V(Y in ¥

()

- i AS

ViY) = ~e———
MLty = on,

1

where 8, is the default experimental error given by FITEQL
2.0 ( Westall, 1982h, p. 62). According to Westali ( 1982b),
a poud fit to the data should yield a V() value between
0.1 and 20. In this study, the species combinations chosen
to fit the experimental data are those that vield the lowest
VY ) values.

5.1.2. Equilibria in solution

The values of the equilibrium constants for the agueous
complexation reactions at 25°C used in the calcutations are
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Tabic 1. Formation constants of aqueous species
(1=0M. 25°C)

log K
Cd** + 2H,0 « CdOH"' + H° -10.1

Cd” + 2H,0 = Cd(OH)," + 2H*  -20.3
Cd + 3H.0 = Cd(OH)," + 3H"  -31.7

Cd* + CI' = CdCI* 20
Cd*? + 2CI' = CdCl," 26
Cit' + H* » HCit* 6.4
Cit' + 2H* = H,Cit"' 1.2
Cit' + 3H* = H.Cit" - 143
Cit' + Na® e NaCit? 1.3
Cit' + Cd** « CdCit* 5.9
Cit' + Cd** + H* = CdHCit" 10.0°
Cit' + Cd** + 2H* « CdH,Cit" 13.5"
ICit ' + Cd™* = Cd(Ci0),* 5.3
Na® + Cl = NaCI -08
Na* + H,0 « NaOH" + H" -14.2
H" + CI' = HCI" 0.7

H* + OH = H,0 14.0

Al values are trom Martell and Smith (1976a.b) and Smith
and Matell (1982). The reactions were rewritten acconding
1o the toamalism imposed by FITEQL 2.0 and the values
ot the tonmation ¢ were recaleulated accoedingly.
a. Re-evaluated (see text and Table 2)

b. These formation constianis are [som cxperiments con-
ducted at 20°C (Smith and Martetl. 19%2).

those compiled by Martell and Smith ( 1976a.b) and Smith
and Martelt (1982) carrected to [ = 0 M and presented in
Table 1. The formation constant for the reaction Cd*°
+ Cit ' = CdCit ', given by Martell and Smith (1976a) is
from the experiments of Treumann and Ferris ( 1958). who
measured the stability of the aqueous CdCit ' complex at
different jonic strengths using a potentiometric technigue.
Treumann and Ferris ( 1958 ) extrapolied the apparent equi-
librium constants at finite jonic strengths (from (1.039 10
.195 molal) to infinite dilution using  lincar Debye-Hiickel
relaionship, log y, = =6A°V/ (where A" is the molal Debye-
Hickel constant. and / represents the jonic strength ) o ob-
tain a value of 5.35. We have re-evaltuated the data of Treu-
nunn and Ferris ( 1958), using the Davies equation with a
0.3 7 term (Davies. 1938, 1962) and ohtain o vitlue of 5.9
for the log stability constant of CdCit ' (Table 2). We use
this recalculated value in our calculations.

Neglecting mineral surface species, the two dominant
aqueous Cd species in the citrate-free system ase Cd ** and
CdCl . In the aqueous citrate-bearing system. the dominant
Cd species are Cd*°, below pH 4.4, and CdCit ' above
this value. The species CAHCit" and CdHL,Cit*' wgether
canstitute less than 115 of the total Cd. but only below pH
4.5. Abave this value. the concentrations of these two species
are insignificant. The major citrate species are HCit”,
H1.Cit . HCit °. Cit . CdCit '. and NaCit *. It should
ilso be noted that the formation constants for the species
CdHCit" and CdHLCit " are reported for experiments con-
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Table 2. logK CdCit" (i=0)

I | ogK" IogKb
0.195 5.0 58
0.031 4.8 5.8
0.023 49 58
0.027 49 5.8
0027 - 49 59
0.032 4.8 59
0.037 48 59
0.039 - 4.8 59

mean logK®: 5.9

a. Conditional K (at finite I) reported
from the experiments of Treumman
and Ferris (1958).

b. Recakulated K (1:=0) using the Davies
eqguation (see text).

ducted at 20°C (Smith and Marell, 1982). No attempt has
been made o extrapolate these values to 25°C because the
enthaipies of these reactions are not available.

5.2, Acid-Base Properties of a-AlO,

The acidity constants of the surface functional groups
were evaluated using the molalities of the titrants and activi-
ties of frce H' as constraints. The first and second acidity
constants and the total surface site concentration were calcu-
fated simultancously using a capacitance of 1.0 F/m” (Ta-
ble 3). This value yields the best it to the experimental data.
The values of the logarithm of the calculated first and second
acidity constants are 7.4 and — 10.7. respectively, vielding o
caleulated pH,.,. of 9.1, This value is in good agreement with
buth theoretical and experimental determinations of the pH,,,.
of a-AlLOL which give values of 9.37 (Sverjensky. 1994)
and 9.1 (Davis and Kent. 199()), respectively.

5.3. Cadmium Adsorption in the Citrate-Free System

Figure 2a illustrates that the Cd adsorption edge can be
divided ino two distinct regions. At the high pH end (at pH

Table 3 Equilibria at a-Al,O/water interface

log K V(Y)
SAIOH® + H* = >AIOH, 7.4 514
SAIOH® = >AI0 + H®  -107

©'=1.05F/m?* (>AIOH,*|=2.7mM;
$'=9.3m%g:  a-Al,0,=100g/

a. Capacitance
b. Tatat surtace sites (calculated)
¢. Surface area (Fein & Brady, 1995)
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values greater than 6.5). the adsorption edge is steep, while
at the low pH end (below pH 6.5), the slope is more shallow.
This change in slope suggests that more than one Cd surface
complex is important in the system. Surface complexation
reactions which liberate protons exhibit steep adsorption
edges due to a strong pH dependence of the stability of the
complex. Conversely, surface complexation reactions that
do not liberate protons yield adsorption curves with shallow
slopes. In acidic conditions, the Cd surface complexes re-
quire a low charge in order to avoid sirong electrostatic
repulsion with the dominant >AIOH: surface sites.

We tested ali reasonable Cd surface species combinations
by determining their ability to account for the observed ad-
sorption behaviour. The results of these tests are reported
in Appendix B. The species >AIOCd*. >AIOHCd" and
>AIOCdOH ° cither taken alone. or in combination. provide
large misfits to the experimental data. On the other hand.
some of the surface cadmium chioride complexes yield sig-
nificantly lower V(Y) values. Chloride nonspecific adsorp-
tion lowers charge at the oxide/water interface (Gunaerius-
son, 1994; Gunneriusson et al.. 1994) and. as a result, cation
adsorption may be promoted in chloride-bearing Hluids. In
fact. Gunneriusson (1994) mcasured more Cd adsorption
onto goethite in NaCl than in NaNO.. and he modeled the
system with the species >FeOHCACI', >FeOHCd*®.
>FeQCdC1", and >FeOCd *. As shown in Appendix B. any
of the species combinations not involving (>AIOH),
CdCl? yield V(V) values larger than 20. Using the specics
(>AIOH),CdCI3. instead of >AIOQHCUICIY, significantly
improves the fit to the data. This species is the only one that
pravides a good fit to the low pH adsorption data. It may be
regarded as a bidentate CdCI} compiex onto two adjacent
>AIOH" sites (Fig. 5). The complex CJCl} may form due
to the lower dielectric constant of water at the mincral/ water
interface (Sposito, 1984, p. 70). Converscly. this species
may represent the binding of Cd onto two adjacent ~OH **
groups from two adjoining Al( OH }(OH;)" sites (cquivalent
of AIOH?} sites. coupled with Cl noaspecific adsorption on
the ~OH:"* groups.

The five species combinations that provide the best (its to
the data are reported in Table 4. With ( >AIOH ),CdCl!. the
species >AIQCd *. >AIOHCd **, and >AIOCdC!". either
taken alone or in pairs, equally fit the whole adsorption cdge.
The data from the citrate-free system are not sufficient o
discriminate between the possibilities. However. the citrate-
bearing system provides additional constraints and, for rea-
sons explained below, species combination 1) (Table 4) is
the chosen madel.

§.4. Cadmium Adsorption in Citrate-Bearing Systems

The experiments indicate that the presence of citrate en-
hances Cd adsorption under acidic conditions. most likely
through the formation of a Cd-citrate temary surfice com-
plex. In quantifying the stability of the ternary complex, we
must consider the presence of other surface citrate com-
plexes. The stabilities of the surface citrate and surface Cd-
citrate complexes are simultaneously determincd scquen-
tially using the values of the stability constants for the five
species combinations that best fit the citrate-free system (Ta-
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Fii;. 5. Schematic representation of the complex ( >AIOH).-
CdClY. (Each line surrounding an Al atom represents one Al-Q)
bond.)

ble 4). As indicated in Appendix A. not all the samples were
analyzed for citrate. Because of the consistent trend in citrate
adsorption between pH 3.0 and 6.0 (more than 10 "' M
adsorbed ). we interpolated these results for the data points
in that range so that the corresponding Cd adserption data
could be used for thermodynamic madeling. The samples
with pH valucs above 6.0 that were not analyzed for citrate
were not uscd to constrain the thermadynamic parameters.

One possibility for the stoichiometry of the Cd-citrate
ternary surface complex is >AIOCdCit *. However. Fl-
TEQL. docs not converge using this stoichiometry. indicating
an inability to account for the Cd-citrate adsorption data.
The other reasonable stoichiometry for the temary complex
is >AICitCd". The results of the calculutions involving the
Cd-citrate experimental data, using >AICItCd" as the ternary
complex, are reported in Table 5. All tive species combina-
tions that fit the citrate-free Cd adsorption edge (denuoted as
species combination A, B. C, D. and E) were sequentially
used to fit the citrate-bearing Cd adsorption data. We obtain
a reasonable fit to the dita using >AICICd" with both >Al-
Cit * and >AICitlf ', as the complexes representing ad-
sorbed citrate (Figs. 2b and 3, Table $). Including the spe-
cies >AINLCH". >AIHCICd**. or >ANLCaCd ** with
>AICIICd". >AICit . and >AIHCit ' does not signifi-
cantly improve the it to the data. The best-fitting curves
from madels A, B, C. and 0 in the citrate-bearing system
are shown in Fig. 2b. Model 1 best accounts for the Cd and
citrate adsorption data. yiclding a V(1) value of 16.0. The
V (V) values for the modeis A, B. and C are 23.7. 18,1, and
21.5. respectively (model E fails to canverge ). The chasen
madel is reported in Table 6. Our model indicates that the
ternary complex >AICIHCd" dominates Cd surface com-
plexation at pll values less than 7.9, and that >AIQCd’
and >AIOCACI" dominate above 7.9. The species
( >AIOH )L, CACIY, which was required in order 0 account
for the low pH adsorption data in the citrate-free system,
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Tuble 4. Surface speciation modeling

(citrate:Cd=0.0)

log K v(Y)

A. nowoo >AJQHCd*? 54 14.6
2100 (>AIDH),CdCI,° 94

B. nwn >AlOCd* -2.6 14.9
200 (>AIOH),CACL? 9.5

C. noior >AIOCdCI® -1.7 139
2020 (>AIOH),CdCl,° 94

D. 2102w (>AIOH),CdC],° 9.4 14.6
11oom >AIQCd*! -34
notei >AIQCACI° -1.7

E. 21000 (>AIOH),CdCl,? 94 15.2
noe >AIOHCd*? 53
nooor >AIO0Cd*! -3.3

The listed species combinations are the ones that best account
tor the observed adsorption (A. B and C are aken from Appendix
{1). The numbers preceeding each species correspond (o the
stoichiometric coefficients denoted by the letters a, b, ¢, d, e and
fof equation 3. For each species combination listed, the formation
constans for the complexes have been simultancously determined.
The calcutations yield a formation constant for that compiex and
the variance, V(Y), associated with the calculated fit to the data.

becomes insignificant in the presence of citrate. Cambier and
Sposito (1991} also modeled the adsorption of citrate on
pseudo-bachmite with a constant capacitance model and ob-
tained constants for the surface species >AICit *and >AIH-
Cit ' (107" and 107 respectively) that are in good
agreciment with those presented in Table S.

6. DISCUSSION

Aqueous metal-organic complexation can successfully
compete with surface metal-organic complexation, even at
low pH. whenever the concentration of aqucous organic
anion overwhelms the capacity of the surface to adsorb i,
Figure 6 depicts Cd adsorption edges that arc calculated for

Tabie 5. Surface speciation modeling (citrate:Cd=10.0)

A B o D E
log K(nn >AICIHCd") 162 168 170 168 onoconv.
log Kiars >AICit ¥) 133 135 136 135
log Kioiz SAIHCiLY) 177 180 (8.2 180
v(Y) 237 181 215 160
The lour numbers p hing cach species T Inthe coefficrents,

derned a.b.c. and d. of equanon 4. The letters A, B, C. D and E refer to the species
combenations that maich the data for the citraie free system (listed in Table 4) end are
ued o muslel the data of the citrate-beanng expenments. The madels A. B, C and
O all yrekd umilar formation consiants for the specres >AICICE but do not equally
fit the data  Model D 13 the chasen maodel 1t provides the best $ fi
‘no conv. means that the optimization procedure canam converge.
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Table 6. Chosen Model

log K
210200 (>AlOH),CdCI,° 94
1ioom >AJOCd* -34
iosor >AIOCACY? -1.7
1 >AICICd® 16.8
1618 >AICit? 13.5
1012 >AIHCit" 18.0

The numbers preceeding the three first species
correspond to the stoichiometric coefficients
denoted by the letters a. b, ¢, d, e and f of
equation 3; those of the foliowing three species
are for letters a, b, c, and d of equation 4.

systems that contain various citrate: Cd ratios at a constant
Cd concentration of 10™*™ M. The figure shows different
adsorption plateaus for each concentration of citrate that is
considered. The adsorption plateau represents the balance
between the stabilities of the aqueous CdCit ™' complex and
the surface complex >AICiCd".

With increasing citrate concentration, both enhancement
of Cd adsomption and aqueous competition increase relative
to Cd adsorption in the citrate-free system. That is, as citrate
concentration increases, the Cd adsorption edge shifts to
lower pH values, indicating increased formation of >Al-
CitCd". However. this is accompanied by a decrease in the
level of the adsorption plateau as aqueous Cd-citrate com-
plexation increasingly competes with surface Cd-citrate
complexation. The adsorption enhancement is limited by the
amount of citrate that can adsorb onto the surface. For in-
stance, at a cilrate concentration of 10~ *™M ( citrate:Cd ratio
of 100) the surface sites are saturated with adsorbed citrate,

fCd adsorbed

Cit:Cd=0.00

0.2

3 4 5 6 7 8 9 10
ptl
Fic. 6. Calculaed extent of Cd adsorption as a function of pH a

citrate-Cd ratios of 0.00. 10.0 and 100 (total Cd = 10 *™ M) for
a corundum suspension of 100 g/l and a 0.003 M NaCl electrolyte.
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and at higher citrate concentrations. additional adsorption
of citrate, and thus additional >AICitCd"” formation, is not
possible. Once the concentration of citrate overwhelms the
capacity of the surface to adsorb it, excess citrate remains
in solution and is available to form aqueous CdCit ~, which
then competes with the surface for the availuble Cd **. This
discussion however, does not take into account the effects
of aqueous Al-citrate complexation that arise from enhanced
mineral dissolution due 1o the high concentrations of citrate.
Nevertheless, this example illustrates the influence of ligand-
to-metal rutios on the extent of co-adsorption of aqueous
CdCit~' onto aluminum surface sites. These mechanisms
should also penain. at least qualitatively. to any fluid-rock
syslem containing strongly complexing muitifunctional or-
ganic acid anions, such as humic or fulvic acids.

7. CONCLUSION

Citrate exerts (wo opposing effects on the adsorption of
Cd. At low pH values, the formation of the ternary surface
complex >AICitCd" enhances the adsorption of Cd onto the
surface. Conversely, at higher pH values, the Al surface
sites deprotonate, less cilrate can adsorh, and >AIOCd"*
and >AIOCdC!"” become more stable than >AICitCd". The
additional citrate in solution. in forming and >AIOCdCI"
become more stable than >AICitCd". The additional citrate
in solution. in forming aqueous CdCit '. competes with the
surface sites for the available Cd. reducing the amount of
Cd that can adsorb onto the surface. Therefore, depending
upon the pH. citrate (and by analogy. other multifunctional
organic anions) can play different rules in affecting metal
mobilities in the subsurfacc. At low pH. the presence of
citrate impedes migration of metals by enhancing metal ad-
sorption: at higher pH values. citrate enhances metal mobilit-
ies through increased aqueous metal-citrate complexation.
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APPENDIX A. Experimental adsorption data

citrate:Cd=0.0

pH Cd, pH Cd,
40 5.0E-6 30 2.0E-6
45 B8.0E-6 35 1.0E-6
4.7 9.0E-6 39 1.2E-5
50 1.2E-§ 4.0 1.3E-5
5.1 1.6E-5 40 I.1E-S
5.5 2.8E-§ 43 1.9E-5
59  1O0E-S 45 1SE-S
6.0 3.5E-5 4.8 34E-S
6.5 3.6E-S 50 19E-5
6.6 4.0E-§ 5.1 5.5E-S
70 6.6E-5 53 6.6E-5
714 9.2E-5 54 7.2E-5
7.6 9.1E-5 55 8.2E-5
18 9.3E-5 5.6 7.3E-5
8.0 9.2E-5 56 8.2E-§
8.2 9 8E-S 57 7.6E-S
8.3 9.9E-5 59 8.SE-§
8.4 99E-5 59 7.0E-S
6.0 7.6E-5

citrate:Cd=10.0

City, PH Cd,, Cit,,

9.8E4 63 7.3E-S 9.0E4
65 6.8E-S
67 9.JE-§ 1.0E4
70 B3E-S 94E4
70 90E-5 9.1E4

9.8E4 7.1 8.6E-5 9.3E-4
73 B.6E-S 99E-4
76 8SE-S 8.5E-4

1.0E-3 76 BJ3E-S
76 B3E-S
79 B.0OE-5 8.0E-4
79 8.0E-S 8.0E4
80 8.6E-S

1.0E-3 80 B.3E-S 6.7E-4
83 B86E-S 1.3E-4
86 9.2E-5 6.1E4
88 94E-S 4.0E-4

1.0E-3 9.1 9.9E-5

1.0E-3 93 98E-5 1.5E4
100 1.0E4 1.1IE4

Cd,,. and Cit_, are the molal concentrations of Cd and Citrate adsorbed.
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APPENDIX B. Swface specistion modeling (citrae:Cd=0 0)

gk Vv(Y) gk V() gk WVV) gk YO}
e >AIOHCE"! S8 0.8 1mmm SAIOHCY? 0 convergence  vmm SANOCA™ 00 convergence 1w SAIOCACT 0 converpence
e >AJOHCICT e SANOCICT news >AIOHCICI*
e >AIOHCICI* [ L] MS
vamm >AIOHCE? $5 203 new AIOC" RO convergence  1ves SAIOCACT 16 177
nemm >AIOHCACY,® 70 333 name >AIOHCICL," &5 waom >AN0CICY, " e >AIOHCACL,® [ 1)
pems (>AIOH),C4? L 869 vame SAIOHCE™ . wre sing.  tmm SANOCA" -3656 3503 ueem SANOCICP 0 convergence
naws (>AIOH),Cd™? 1eum SAIOHCICT* 6.394 nasm (>AIOH)CE™
2ame (>ANOH),CICT1” 9.2 418
1vavs >AIOHCS"! no convergence  1iamy SAIOCA™ 22427 2349  vewr >AIOCACT mo convergence
e (>ANOH)CACL," 98 194 newa (>ANOH),CICI* namm SAIOHCACT,* 6.537 e (SAIOH)LCAOT* -
emi >AIOCA"™ 21 tos 1w >AIOHC? 54 146 wnm >AKOCE” oqu. are sing. s SANICICT KR} 19
nexm (SAIOH)LCACL® 94 e (SAIOH),CA" e (>AIOK)CICT,* 94
et >AIOCICT 02 1as
nazw >AIOHCA” equ. are sing 1w SAKOCA" 1877 4392 o SAIOCHCT a0 convergence
o >AKOCACT, 07 40.1 nem >AI0CS™ e (>AIOH),CICT" 9.194 1w >AOCAOH"
v >ANGCIOH* -100 119 o >AIOHCA? Ao convergemce (e >AKOCH™ 2560 14.87
o >AIOCICT newm (>AIOH),CACY," 9.456
a0 >AIOHCA" equ. ae smg. 1w >ANOCd™ equ. are ung.
name >AKOCACI, ' 1won SANOCIOH®
1w >ANOHCY™? oqu. are ung.
v >AIOCIOH®
See explansiory text under Table 4 . When one compiex 13 shown, it is the only ane dered. and the yeld a formation for tha piex and the
V(Y). associmed with the caiculated fit 1o the data. Foe each species comb listed, the [ fow the comph have been : y d and the
othey are speces comb iving. >AIOHC™, >AIOCd™ and >ANOCICT

yoeld one V(Y) value. The fiest column represents the fits tned with only one specres. The th hy

respectively. ‘ne convergence’ means that the opti P

cannot
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ge. & severe musfit between the dara end the best-(imng model for the gyven uoichwometry.
‘equ. are sing.” (equanons are singulas) means that one of the adjustable parameters is insignificant (o the speciation.



CHAPTER3

CONCLUSIONS
In this thesis, new results on metal-organic interactions in mixed fluid/rock

systems were presented. Citrate can have a strong effect on the speciation and
solution concentrations of Cd(II). At low pH, citrate enhances Cd adsorption, relative
to citrate-free systems, by forming the surface temary complex >AICitCd’. This could
not have been predicted with(;ut these experiments because not. all multifunctional
organic acids behave in this fashion. EDTA, for example, forms strong aqueous
complexes with metals but cannot serve as a strong coadsorbates because all of its four
functional groups are devoted to the metal to which it is bound. (Of course, the
oxidation state of the metal will affect the degree to which Me-EDTA remains in
solution (see Girvin et al.,, 1993)). Using the constants presented in Chap. 2 Cd
adsorption was modeled at different citrate:Cd ratios. Model calculations show that
with increasing citrate:Cd ratios, Cd adsorption increases in low pHs. The
enhancemenf is however limited by the quantity of citrate sorbed. When the surface of
corundum is saturated with respect to citrate, residual aqueous citrate is available to
form aqueous Cd-citrate, thereby reducing Cd adsorption is reduced. Thus, one of the
general conclusions of this thiesis is that competition between aqueous and surface
metal-organic complexes can have an important role on the mobility of metals in

mixed metal-organic fluid/rock systems.

This thesis has also dealt, though indirectly, with problems associated with
electrolyte binding to corundum and the adsorption of Cd(Cl),>* complexes.
Adsorbed electrolytes tend to neutralize the surface potential which results from

adsorbed H® and OH. Thus, the electric potential experienced by a solute is not
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necessarily as large as what is modeled by the CCM. Consequently, solutes may
approach the surface more easily than modeled. Furthermore, different electrolyte
ions neutralize surface charge to different extents. For example, the chloride ion
neutralizes surface charge more effectively than the nitrate ion (e.g. Gunneriusson,
1994a,b). In this thesis, modeling Cd adsorption required a cadmium-surface complex
with a charge less than 1. In other words, the modeled surface potential needed to be
lowered in order to account for the experimental data. To satisfy the low surface
potentials required by the CCM we needed to invoke a surface CdCl complex.
Complexes of this type were also modeled by Gunneriusson (1994a,b), however they
are yet not supported by in situ surface spectroscopic observations. Alternatively, it
could be argued that the>Al;0°° sites would be responsible for the low pH Cd
adsorption data. For example, an EXAFS study of Pb(IlI) surface complexes on
corundum and goethite (Bargar, 1996) suggests that lead can bind to two >Al,0° or
two >AlO™? sites or a mixture of both. There is also an indication of outer-sphere
(hydrogen bonding) Pb complexation on the 001 crystal plane. Cd(II) could
potentially behave in a similar fashion. However modeling these specific interactions
is not possible using conventional wet chemistry methods because the complexes

involve non-proton active sites.

The models presented in this thesis contribute to the enlarging database of
equilibrium reactions which describe complexation of solutes at the fluid/rock
interface. This database can be used to build predictive models of contaminant
transport in fluid/rock systems. In addition, this thesis has examined the effects of

electrolyte adsorption on surface potential and the adsorption of CdCl complexes.
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There is still considerable uncertainty regarding these processes, and resolution is
likely to involve additional techniques such as mineral surface spectroscopy,
potentiometric titrations and electrophoresis. However, to model bulk mass transport

in fluid-rock systems, the simplest, but adequate model, is sufficient.
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