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AB8TRAcr
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 O.OtM NaCI 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 thennodynamic properties of the surface complexes. The adsorption of Cd is

quantified by the competition between aqueous CdCirl and the surface spccies

>A1CitCdO, >AlOCd+, and >AIOCdClo. The experimentally deterrnined 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 ofmetal-to-ligand and solute-to-sorbent ratios.

RÉsUMÉ
La co-adsorption de complèxes 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 0.01 M NaCI comme sel de fond et en utilisant des ratios citrate:Cd de

0.00 et 10.00. Le citrate favorise l'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 l'adsorption du Cd et du citrate à l'aide d'équations de masses.

L'adsorption du Cd sur le corindon est quantifiée par la compétition entre le complèxe

aqueux CdCir' et les complèxes de surface >AlCitCdO, >AlOCd\ and >AlOCdClo.

Les constantes d'équilibres calculées dans cette étude peuvent ainsi être utilisées pour

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



complèxes métal-organiques en solution et à la surface d'(hydr)oxides d'aluminium et

ce à différentes concentrations de Cd, de citrate et de sites de surface.
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INTRODUCTION

Interactions between crustal fluids and mineraI surfaces have important

implications ta many geological settings. Mineral surfaces are reactive and are known

to complex with a number of solutes (e.g., Huang and Stumm, 1973; Hohl and

Stumm, 1976; Stumm et al., 1980). These reactions can affect processes ~uch 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, minerai surfaces, and dissolved metals.

Organic compounds can coat mineral surfaces, enhancelhinder minerai dissolution

(Herring, 199X), and enhancelhinder 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 el 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

thennodynamic properties. Geochemical modeling, assuming thennodynamic

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

surface complexation reactions to describe the sorption of metals to diagenetic iron

and manganese oxyhydroxides in two lakes. Thus, thermodynamic models of relevant

geochemical reactions, augmented by physical tlow models of groundwater, can he

powerful tools for assessing mass transport in the subsurface.

The principal goal of this Master~s Thesis is to detennine the fonnation

constants of surface complexation reactions (adsorption) in mixed aqueous metal­

organic acid-mineral surface systems using Cd(II), citrate and corundum. Corundum

(a-Al20 3) occurs chiefly in crystalline rocks (e.g. granite, nepheline syenite, gneiss,

mica and chIorite schist), however it is an important chemical and structural building

block of geological aluminosilicate minerais contacted by groundwater, making it a

useful analogue to >Al-O surface complexation sites. Cd(II) is an EPA priority

pollutant (Keith and Telliard, 1979) and hecause it forms generally weaker bonds than

other heavy metals it should aIso he more mobile. Citrate (C60 7Hs)' a trifunctionai

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 natu.'ëllly-occuring or

environmentally-important multifunctionaI 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
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more complieated organic matter, and therefore the two types of Molecules should

"display similar chemical behaviours. However, the effects of the physical

eharacteristics of organic substances on Metal speciation, such as electrostatic fields,

hydrophobie properties, the coUoidal aspect of organic matter, etc. cannot he

simulated with LMW organic acids.

This thesis is composed of three chapters. In the first chapter, 1 present the

basic concepts and assumptions relating to solute adsorption onto rnetal oxides. The

tirst chapter also deseribes 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 (BoHyand Fein, 1996) on the co­

adsorption of cadmium-citrate on corundum. In this chapter, sorne topics of the tirst

chapter are aIso discussed in greater detail. The third and last chapter is the

conclusions of the thesis.
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CHAPTERI

BACKGROUND

Surface fuDctionai 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 K~n~ 1990). In general, water molecules that are

coordinated to one surface cation are considered to he proton active in the pH of

natura! 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 he unactive,

though solutes can interact with these sites by means ofchemical interactions.

Acidlbase 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+ CODsumcd

(Hconsumed=Cacid-Cbase - IO·pH ·(YH+f1 + Kw 'YH+ '10PH
) 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 nm2 (e.g. Lôvgren et al., 1990) while

calculation of the site density from crystallographic considerations would yield 5-15

sites per nm2
. Thus, only a fraction of surface cations appear to he coordinated to

water molecules which display amphoteric properties. The value of Irçonsumcd

decreases with increasing pH, indicating surface deprotonation. At the H+çonsumcd=O
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region, titration curves display a sub-horizontal trend, indicative of a low buffering

capacity. This behaviour is similar to tbat of diprotic aciels whose buffering capacity

is at its lowest when the concentrations ofL-2 and H2L
0 are equal_ Mineral surfaces are

aIso considered to act as diprotic acids with the following equilibrium reactions

(Stumm and Morgan, 1981):

>MeOH2
1
+ ++ >MeOlf + Ir log KI

>MeOUO ++ >MeO-1 + Ir log K2

where >Me refers to a metal at the minerai surface. This model will he referred as the

'2pK model'. Thus the pH at which IIeo..mmed=O corresponds to the pH at which the

concentration of >MeOH2
1
+ equals the concentration of >MeO-I

, or the pH of zero

point ofcharge. This point aIso corresponds to the pH at which the total net charge of

the surface is zero and it can coincide with the isoelectric point, detennined by

electrophoresis.

The 2pK model has been successful at modeling surface acidlbase titration

data, and Metal ion and organic acid adsorption for a wide range of metal

(hydr)oxides. While it offers a poor physicaI description of the surface sites, it can

still be used to expIain the acidlbase equilibria at the minerallwater interface. Van

Riemsdjik (1987) proposed that successive protonationldeprotonation steps involve

two different water Molecules bound to the same surface cation. This is a weil

established concept for the hydrolysis of cations in solution where the successive

deprotonation of Ae+, for example, involves the deprotonation of a different water

molecule at each new protonation level: i.e. Al(H10)/+ =Al(H20 )sOH 2+ + W =

. AI(H20)4(OH)2 1
" + 2H+ and so on. Thus, doubly coordinated aluminum would exhibit
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5 pr~tonation levels (Fig. 4 of Chapter 2), of which only 3 are detectable in natura!

waterpHs.

ComplesatioD ofeatioDs aDd aDioDs at the Dletal ondelwater 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 minerai surfaces in acidic conditions whereas cation adsorption

should he favoured under alkaline conditions (Stumm and Morgan, 1981; Stumm et

al., 1980). The adsorption of solutes on minerai 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 solidlsolution 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 comp/ex, i.e. >Me-Ligand-Metal (Schindler, 1990). This type of surface

complex is particularly important in organic ligand-bearing fluidlrock 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-
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dentate complexes. Smface 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 fonn a surface

temary complex. In addition, the tlexibility of the citrate Molecule could also allow

the cadmium-citrate surface co~plex to reorganize itself in order ~o 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, 1 present results of experiments for the adsorption of Cd onto conmdum 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 Al06 octahedra stacked in hexagonal close-packed

coordination, with one vacant octahedron out of three, and that the vacant octahedra

are not inter~onnected through-out the structure, 1 value that internaI absorption of

solutes within the structure cannot be possible. AIso, while kinks, steps and terrasses

are certainJy present on the surface of conmdum, 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 ofthese features.
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EXPERIMENTAL PROCEDURES

The adsorption of Cd and citrate on corundum (a-Al20), Aldrich Chem.) was

measured as a function of pH at 25+/-1oC. The corundum powder was washed with

10% Hel or HNO] and lO%NaOH. After acid and base treatment, the powder was

rinsed 15 to 20 times with doubly distilled deionized water until th~ sUPematant was at

approximately pH 8.5. The solids were then dried at 70-S0°C. Washing the solid

minimizes the occurence of ultrafine-grained particles which cao cause anomalous

aluminum dissolution during the course of the experiments. Surface area was

measured by the N2(g) BET method to he 9.3m2/g (Fein and Brady, 1995). AlI

experiments were conducted with reagent-grade chemicals and doubly distilled

deionized water.

Surface titrations and adsorption experiments were canied out in Teflon bottles

with N2 gas bubbling through the solutions to purge CO2 from the system.

Temperature was controlled by placing the reaction vessel in a water bath, and the

solution was mixed using a Teflon-coated stining bar. H+ activity was measured,

either with a gel-filled combination electrode or with a glass combination electrode

with an outer reference cell of3M KCf.

Potentiometric surface titrations were carried out with an automated

titrator/autoburette assembly with HCI and NaOH titrants, standardized against K-H­

Phthalate. A maximum emf drift ofO.lmV/s was allowed by the instrument between

each titrant addition. Because of this poor constraint on pH stability, small dilute

titrant volumes were required ta ensure fast equilibration times. Because corundum
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dissolves during the course of the titration, the titration curve cao he influenced by

dissolution and hydrolysis. In excess acid or base, the dissolution of conmdum would

take place as follows:

a-Al20] + 6W = 2Al3+ + 3H20

a-Al20] + SH20 = 2Al(0H)4- + 2Ir

Aluminum hydrolysis would release more W- ions as the pH is iIicreased:

Al3+ + 4H20 = Al(OH)2+ +Ir + 3H20 =Al(OH)t+ 21ï + 2H20 =

Al(OH)]O(aq) + 3fr + H20 =Al(OH)4·1+ 41r

To minimize dissolution and hydrolysis two titrations were required to cover the pH

range of interes~ starting approximately at the pH of the solubility minimum of

aluminum hydroxide (pH=S-6) and titrating one suspension with HCl and the other

withNaOH.

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 tban 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 0.1 flm cellulose nitrate membrane tilter. One sample was

acidified with concentrated (70%) HN03 to preserve Cd(lI), and Al(lII) 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
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determined using ion cbromatography, with a 200mM NaOH eluent with a flow rate

of 1.1mL/min, and a O.SN H2SO.. regenerant at a flow rate of 4.0mL/min. The

analytical uncertainties associated with the analysis of the citrate acids is evaluated to

he +/- 5% by ion. Analytical uncertainty for the detennination of Cd and Al on

atomic absorption spectrometry is +/-1.0%.

THERMODYNAMIC MODELING

In this thesis, adsorption reactions are quantitied using measured losses of H

(for the acidlbase 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 FlTEQL 2.0 (Westall 1982a,b).

The standard states that are employed in this study for the solid phase and for

water are the pure mineraI 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 mola! activity coefficients, calculated within FlTEQL 2.0

using the Davies equation (Davies, 1938, 1962) -logyi = -A:z/ (l°.5{(1+lo.5) - 0.3 1),

\vhere Yi is the activity coefficient for species i, A is the mola! Debye-Hückel constant

(A=O.5) and 1 ionic strength. Activity coefficients for neutral aqueous species are

assumed to he unity. The standard state for surface complexes is a hypothetical site

with zero surface POtentiai. Deviations from standard state are due to electrostatic

interactions between counterions and are corrected with the Boltzmann accumulation

factor (e.g. Parks. 1990):

12



where Kint is the 'intrinsic' formation constant al standard state, Kcond is the

'conditional' formation constant uncorrected for coulombic interactions, z is the

charge of the surface species, Fis Faraday's constant (96485C mol-l
), V'is the surface

potentiaI (in V), R is the molaI gas constant, and T is the absolute temperature.

Surface potentiaI is measured with difliculty. It is possible to measure the

potentiaI 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 aIlow electrokinetic potentials to he equal to the surface potential (Stumm

and Morgan, 1981). Instead, the surface potential cao he modeled using the constant

capacitance model, CCM, (Schindler and Gamsjager, 1972) by:

'JI =aC-1

where u is the surface charge, C is the specific capacitance (in Fm-2
, where

F=Farad=CV-'). The molaI surface charge is obtained by the sum of the moles of

charges exhibited by the surface species. In electrostatic terms, u is expressed by:

where Tu is the total surface charge, Fis Faraday's constant, s is the specifie surface

area (m2 go!), and a is the solid concentration (g 1-1). The surface potential is then

calculated by:

The CCM describes the double layer as a parallel plate condenser, separated by a

.distance ô:
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C = EmEo!a-1

where Eu. and Eo are the relative pennittivities of the compact layer and vacc~

respectively. The value of the capacitance is controUed by the dominant electrolyte

ions that bind to the surface because the size ofthe hydrated electrolytes influences the

thickness of the double layer. For example, non-specifie 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 a1so pH dePendent.

However, for practical purposes, it is considered to he constant. Thus, is becomes

appealing to calculate the capacitance with above equations. However, the value of

the dielectric constant of the minerai water interface cao range trom 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 da~ 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 sarne sign. The concentration proton active surface sites can he

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 minerai

suspensions in quasi-indifferent electrolytes (e.g. NaCIO.., NaNO] or NaCI) are in fact

proton active. The correct capacitance must therefore retlect 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"

O.lmolesll 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 permitted by

theoreticaI considerations.

In the CCM" aIl adsorbed spt:cies are assumed to he 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 ooly to the medium used (in this thesis NaCI) 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 acidlbase titration data for a constant ionic strength as any more

complicated model (e.g. Westall and HohI, 1980). The CCM model is therefore used

in this thesis because the experiments were conducted at constant ionic strength.
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CHAPTER2

Experimental study of eadmium-eitrate co-adsorption ooto a-A1z0 J

a copy of the paper published in
Geochimica et Cosmochimica Acta (BoHy and Fein, 1996)
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Experimental study of cadmium-citrate co-adsorption ooto a-AI10 J
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Ahslracl-An experimenlal invesli~aliunof mClal-urganie co-adsnrpliun WOlS cunduclcd using cadmiulIl
and dlrate in the presencc uf <:nrundum. The expcrimcnts wcre pcrformcd in the pH r.1~ge 3.0 III 10.0
in a 0.01 M NuCI matrbt wilh CÎIr.lIc:Cd rdlius ur ()JJ() ilnd IO.(.J(). The rresence nf Cllrate enh.mces
cadmium adsorplion belwecn pH 3.5 and 7.1. antl. reducc.. !I abm·c pH :.2. The results fmm the
expcrimenlli provide conslraints un the lhemtndynanm: prnpcftlCs uf Ihe su~tacc cUlllplexes. Wc m(~el

Ihe adsurplion uf Cd hy quanlifying Ihc eUIIlJ1Clilinn hclween m.lueuu~ CdCII .' .an~ the surface Spc<:I.CS.
>AICitCd", >AIOCd .. and > A1OCdC1" . The expcrimentally tlclcmllncd equlhbrnllll cunslanls prm·lde
il means lu predici Cd motlililie.. in groundw.ucr systems hy describing Ihc rclali\'e ..tabililics uf.surface
and aqueous mClal-organic cnmrle,cs OIS a funcliun of nlclal-to-ligand and sulutc-lo-o;urbcnl rdiIUS.

1. INTRODUCTION

Mineral surface contplexalinn c.," cnnlrul Ihe l110bilily nf
dissolvcd melals in natuml and cnnlamimllcù walcr-rell:k syo;­
lcms. The co-occurrencc nf dissnl\·cd lIlel.llo; ami llr1!anic
cnmpnum.ls is widespre'ltl in hnlh naluml walcrs 'llId in Cl1n­
laminalcd grnunùwater syslems 1Leenhecr l'I ..1.. 11J76: Gir­
\-in cl al., 199)). In thc!'e syslemo;. urg:mic lil,mnds C.IO
slrnngly inl1uencc spcdaliun uf dissnl\"cù Illel.lb (e.g.. Rl'U­
Icr anù Pcrdue, 1977: D.I\'is amll.cckic. I t 17Xa: Vm:cl.I antl
Murgan. 1978: D.l\'is. 19K:!. 19X-J: Lih~ren cl al .. Il)X7:
Lii\·grcn ,md Sj()herg. 19RCJ: Lü\'gren. 1t)l) 1: Gin·in cl al..
1t)9}: Jardinc ct al.. 199} 1 antl cano 11111". pl:IY a dCICrntinillg
rolc in conlrnflin!! Ihc nltlhilily Ilf di'i'il1lwu mcl,.I ... Many
in\'csligalurs ha ..·~ fu\:uscù un lhc 'ld..urplilll1 uf eilher hcôlvy
lIlelôlls (c.g.. Huang and SHlmm. 1lJD: IIl1hl 'llld Siumm.
1976: O.I\'is and Led..ic. 1971<h: Gllnneriu'isun Cl al.. ll)lJ-J)
ur nrgani<: acids 1e.g., Kummerl and SIUIIlIll. IlIl(O: Côllllhicr
and Spnsiln. 1991: Violanle cl al.. 1491: Fein .md Bmdy.
19951 (In metal nltidcs :1I111 Ihcir pnlymnrph'i. h~w slutlic'i.
hnwc\'cr. have applicd cquilihriul11lhcrllll1t1yn:lll1ic"'llI qu:m+
lify adsorplilln in miltcd melal-mg:mil' 'iy"'ICIU'I..

Aqllcuus nrg.mic lig:md... in cl1nl:nllin.llcd grtllll1llw:tlcr
e.1O eithcr PWIn(1IC nr inhihil mcl.a1 adsurplioll lIll Illincr.al
surf.u.:cs. Fur inslancc. under adtlie cnndilinno;. IIIcl••1 n,ide
surf:1C1: sile" arc pn...ili\"t~ly ch:trgetl (Slmlllll cl al.. Il)NO 1
and ado;nrplinn of c:ttions dnc'i nnl !!cnemlly nccur. 1hlWC\·er.
l11ullifunclinnal nrganÏl.: li~and" Ih;II "dsnrll nnln n,ide ,ur­
f..ce ..iles in m:idic tu nculral cnl1lliliun... CIO c1mllgc Ihe
surface charge frnrn posilivc nr Ill'utr:11 ln negaIÎ\c. therehy
crcaling :lthnrplinn silCc; fnr nlclal C;lIinllo; 1D:I\i" and L.cckic.
197Ra: Tirping 1gR 1: Tipping Cl al.. 1910 1. Cnnycr"dy.
unucr nculml lu ha... ie CUI1lJilillllS. lIrgmtÎC li~:mds du nlll
:ldsnrh as e'l(lcnsivcly .10.; in :Icidic Cnnuiliun.... Undcr Ihus&:
cnntliljnn.... nrganic Iig'lI1ds C,IO cnmpclc with Ihe negalivcly
l"har~ed "lIrfal:c sites fur Ihe .Ivail:tllh: mel:lls in sClillliun.
and Ihcrchy enh.lRl.7l' I11cl.,1 mnhililics.

• {""\('''' ".lt/n',,: Ci" il En~incl'rin!! ;llIti (j1:1I111~ical Scicnce".
lInl\cr... ily of NOire' Daille'. NUire' O'I111C. IN ~(,55(1. USA.
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ln thi.. slud..., wc cxaminc Ihc mech.misr11s and Ihc clttenl
ur l1le.ul.urg,,~iccn-adsorption. using cilr.sle. c"ldmiunl. and
cr-AI.OI (cnrundUIll). Cilric acid. a Irit:arhoxylic adtl. il' pre,,·
enl i~ ..ume cunl:llllimlled grnundw'ller syslem.. (e.~ .. the
Il.mfurd silc. USA: Z<1ch;ara cl al.. 11)93). In 4lc..ldilinn. cilrale
Ic<l<:hing uf heavy melal frulll <:unl4lminated suils h.." hccn
pwpusetl as .1 remec..lialiun lcehnique (Oak Ridge Nalinnal
l..dlOr.llurY. 11)lJ~). A t'Citer undcr"l..nllin[! nr Ihe cffeels uf
l"'Îtralc un 'mcl,,1 adsurptiun i... Ihcrcfurc. crucial Inr unlfcr­
"I:,"ding lhe !'opccialiun uf lllel"l .. in hnlh nuluml and c:unl..mi­
naled sV"lem". C;ldmiulll WU" chuscn nol nnly hcc'llIsc il i..
an EPA priuri'y pullulant (Kcilh .md Telliard. len9., hUI
alsn hcl.'<IuSC nrg:mic ligands !'ohuultl slrnngly innucn<:e ils
ad...nrpliun prnpcrlic!'o, eSflCd..Uy undcr ôlcid cundiliuns. C:ld­
miulll lypi<:<Il1y fnrms wc..ker <Jqucuus antl surface eUlll­
ple'tc.. th.an dn nllu:r hea\·y I11cl.lIs. and Ihcrcfnrc CÙ shnuld
e",hihil .1 highcr nluhilily ulltJcr slighlly ..ddie cnnùilinn...
AllIlninulll u,illc wa!'o u..cd in lhc adsnrpliun cltpcrimcnls
hccmlsc ..luminllllH ,,,,,dr loxidc ..ntl ôlluminnsilieah..' miner­
ais arc t:nIl1l1101l. an;" .dong wilh Fc-( hydr lu,ide". arc
am,mg Ihc must n:acli\'c surr..ce ...ilc... t:unl<ll:led Ily ..urfm.:c
anù grnuml W;lIcrs. Thc uhjceli\'c.. uf thc cltpcrimcntal stud}
wcrc lu due:umcnllhe n;uurc ..nd exlcnl of Illcl:tl-nrgmlie cu­
••t1"urpl iOIl. lu dctenninc thc condilinnnmdcr which ad..ofT'+
linn I.'umpclc!'o wilh aqucnu, lnclal-nrg.mil.' cnmplCltaliun.
amI ln qu,llllify Ihe illlcral.'linn ... u!'oing e'luilihrium Ihcrmudy­
namil:....

The atl'ClrpllCln uf cadmium ;mt! cilrollc unlu ,.·AI:O. wa'" IlIC.C·

"'lIrcd ... ~~n' in a CI.CII M N'ICI elcclrnlylc a... a rum:liun Ilr pli al
l."11r;lle:Cd rai in... Ilr Il.011 and 1111111. ant.! al a l."ltrondulII:..ululiul1 r.lliu
III 1: lU 1hy \\ci!!lll!. RC;.l:!cnl·~ratlc tI·"I~(). wa.....ut:t:c.....i"·cl)·
w:I...hcd \\1I1t ICI''; 1IC1 ur liNO, ant! III'; NaOIl. "fier at:id anLl
hôl"C" Irr.:alllll:nl. Ihe JllI\\clt:r \\i1'" r111'.eLl 15 ln :!n linte' wilh t!uuhly
lli ...llIlcti llduni/ct! \t':lIcr unlil litt.' ..up:rn:llalll ~:.... al aPflre"illl:lh:I)'
l'" K.U -1<.5. Th~' "i1,h...t.I 'lltitl ... were Ih...n u\clHlrictl al 7/1-Klf(,.
\\'a...hin!! Ihc "'lItitl.. milllllll/t.'... Ihe 1~l."lIrrcnce' Ilr ullr.lIine·prôlincd
l'ôlrlid~.... \\lllch c:;m call"'t.' allulll:lltill" .IIUlIIIIIUIII t1i ... 'uhllillll \llIrin~

Ihe cnur"c ul Ih~' ~·'llCrimcnl"'. SlIrlat:c are:. uf Ihe \\;I..lted cummhun
\\";'" t!clcrminctl hy Ihe IU::T m~'lhntlln Ill: ~.Jm~/1! 1Fein.md Hrady.
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I99S). Re.gcnl-gnde c:hemicaL~and doubly di~iIIcddcionized wa·
ter were uscd in ail lhc expcrimenlS.

Surface tilralion.~ and adsorpIion ellpcrimenLt; were carriai OUi in
Tenon bonlc:5 wilh Nz Bat; bubblinglhrou8h lhe ellperimcnt:d !lUlu­
tiOft.fii 10 purge COz fmm Ihc s}5tem. Eac:h reac:tioo bOUle c:onlaÎncd
initial 5U~fiiion.t; of S.O g of wilShed COfUndum in SO mL of the:
elcetrolyte solulion for lhe lilration expcrimenlS. and 10.0 g in 100
mL for lhe adsorpcion ellpmmcnes. Temper.1lule WlLt; c:onlrolled by
placing lhe rtaetion ves.o;el in Il waler balh. and the solulion w..t;
milled u.t;ing aTefton-co;alcd 51irring boar. H· lIClivily WlLt; R1ClLwred.
in the adsorpcion ellper1ments. with a gel-filled combinalion el«­
lrode and. in lhe liurfllCe titrlltioo. with a gla."" combination cleclrode
wilh an outer referencc œil fillcd wilh 3 M KCI.

The surface titralions wcre conducted wilh an autOfl1llted titralorl
aUloburelle a,,~bly wilh HCI and N:aOH titr:anL". !'itancbnJized
again.fiit K-H-Phthalate. A muimum pH saability of 0.1 mVI!'i change
(the maximum SlabililY allowcd by the in.t;trument·) wa." allained
before cach lilrant addition. Due 10 thi!'i constraint. addition bf !'imall
volumes of dilulc titrant were required to enliure fa.fiit equilibralion
lime~ belwten each litrant addition. Becau.'ie corundum can di~fiiOlvc:

during the course of lhe titr.llionli. the lilralion curve can be innu­
enced by corondum dilisolulion and aqucous AI hydrolysis. Till'.Uion.'1
carried out from acidic to basic condilion.fii lihould diliplay a strong
dependance on metal hydrolysis becau.'iC! aqucous AI produced by
acid dis.'1olution wuuld hydrolyzc a.'i pH increlLfiiCli. To minimize
dili.wlulion and hydroly..is. two titration.fii were required ta caver the
pH range of inlerest. The firsl titr.uion wa.'i carric:d out wilh lhe HCI
litranl and covcred Ihe pH rnn[!c from 5.9102.9 and lhe !'iCCOoo. u!'iing
a ne\\" suspen...iun and lhe NaOH litrant. covered lhe pH ranging from
4.1 10 10.7.

For the adsorption experiment'i. Côldmium and citrale .....ere intm­
duced in a 0.01 M NaCI "Olution by adc.ling a ..mali ...olume of a
concentr.lled cadmium-citrate Solulion. The: initial cadmium and ci­
mue concenlralions in the reaction boule were: lU "". and 10 o ••••

M. respecti\"(~ly. Another set of experimc:nls was conducted in the
~ame elcclrolyte concentration and solid:solulion ralio using cilrale­
free q}IUlions in which the initial Cd concenlr:lliun \\":L" "Iso 10-"'·'
M. The c.Juration of each experimenl wa.'i 60 min. c.Iuring. which the
pU of Ihe mlUlion Wll" commlled by manually piJ'Cuing 1.0 M HCI
or NaOU inlo lhe c:xperimc:nlal "Olution when the pli reac.li..gs drifled
more than 0.1 pH unit fmm the desired value. Final ionic !'itrength.
huwever. was never increlllicd morc lhan two value.. g.realer th'lD
O.OIS. The kinClic'i of lhe adsorplion rcaction.. werc dctermined hy
conducling repeat clIperimenl"i. "'arying the duralion lime: hctwecn
Sand 12n min. ThC!'it' eltperiments (conducted 31 rH 4.n. 6.S and
8.0) 'ihow lhalthe concentration.. ofcitrale IInd Cd in ..nhJlio" remain
cunstant heyond tiO min of experirnenlatiun lime. Therefure. a nlll

dUraliu" nf 60 min is ..ufficienl for Ihe ad!'iurpliun reaclions ln t'qui­
lihrialc. hUI il is !'ihn" enough not 10 ..ignilicantly aller Ihe iunic
'ilrcnglh or 'ipecialion of Ihe snlulinn due 10 lhe addiliun of huffering.
agents or hy eXlen..ive corundum di!t'iolution. In fact. aluminum
cnnccntnuions of the experimenlal nuids were ail helnw the c.Icleclinn
limil 110" M AI' nf lhe spectro",eter. indicaling lhat AI·cilrale
compiellatiull did nut signilicantly affect the Cc.J or the citrate: spccia­
linn in the c:xpcrirnenl!'i.

At Ihc end nf each cxpcrimenl. two "ample.. wcre e'lractcd from
each reacliun houle and 1iI1cretf Ihruugh O.4~ pm cc:llulusc nilmte
memlmJhcs: n.1 mL nf concentr:lIed HNO. (7n'J. 1 wa" ..ddeL! tn Clnc
of Ihe sample.. for Cd and AI an:aly..es and. (J.I mL of 12 M NaOIf
was addcLl lu the other ror citra!e: analysi'i and ..tur:lg.c. Citrate con·
ccntralion!'i were delermined u..ing. ion chrnmalClgraphy. will! a 20n
mM NaOU eluenl with a nuw raie uf 1.1 mL/min. and :J fl5 N Il .SO.
n:g.eneranl al a nuw raie of 4.U mL/min. C:ulmiurn and alumi~um
cnncenlrations werc detcrminec.l by name lIlUmic ahslIrfltion l'O(lCe·
trome:try. AnalYlical uncenainties arc: :S7r fClr the iun chrom.lIo­
grarh and ~ l'k for the atomic ab!iorplion spectmmcler. Recause:
Ihe kinetic.. of ndsol'J'lillO are much f:L'iter th..n Ih... c.Ii ....nlutiun of
cnrundultl. adsorption reaclions re:ached equilibrium hc:fore Ihe di..­
..01ution reaclion could proceed to a l'Oignilic:ant elltent.

J. RF.5ULTS

J.I Potenliumetric Titralion

The tilralinn cunrc of a suspension of Ion g/L of n-AI~O,
in 0.01 M NaCI i.. shown in Fig. 1. which depicts the net
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FIG. 1. Titralion curve of la ..uspc:n...ion of 100 g/L corunc.Jum in
a 0.01 M NaCI !IOlulion.

proton molalily addcd to the solution as a function of pH.
Acidity causetJ by carbonic acid "'as assumed lu he ncgligi­
bic because the cllperimenls were ail conducted in a nilrol,!Cn
atmol'phere. The tilralion curvc inlcrsects the no nel acid
line (y = 0 in Fig. 1) between pH 9.0 and 9.1. yielding a
pH.-- which il' in excellent agreement with expcrimenlal and
theoretical !>tudie.'i by Davil' and Kenl ( 1990) and S\"c'~rjensk)"

(1994). respectively.

3.2. Cadmium and Citrate Adsorption

The percent of Cd adsorbe:d onto corundum as a function
of pH. is shown for the cilrale-free expcrimenls. and for the
cilr.lle-bearing expcriments. in Fig. 2. The percent of citrate
adsorbcd a... a funelion of pH for the mixed Cd-citrale eltperi­
menl!> is shown in Fig. 3. The t:llperimental results art: corn·
pilcd in Appc:ndix A. For each ellperimenl. Ihe concentra­
tions of adsorbcd Cd and citr:lte wen: calculated by suh­
trncting mea...ured linal com:enlrations from the initial
concentrations. The solubilily of solid p·OJ (OH h in a ci­
lrdte-free solulion il' 10 -411' M Cd at pH 9.0. and decrea...es
10 10' fi '"' M Cd al pH 10.0 ( Baes and Mesmer. 1976). Our
calculalinns indicate Ihat in the presence of lU "., M of
citrale. the solubilily of solid P-Cd(OH h al pH 9.6 is 10 -.&'"
M Cd. Thcrcfure. the cilr:Ue-free adsorplion cxpcriments and
the citrale-bcaring experimenls (both wilh 10 &111 M Cd)
were conducted al pH values below 9.0 :md 9.6 (excepl for
one experiment al pH 10.0,. respeclivcly. yielding expcri­
mental solutions Ihal were never super.;:lIur:lted with respect
10 p-Cd(OH h. Funhermore. since Ihe experimenlal solu­
tions were. in principlc. free of dissolved CO:. CdCO,( s)
precipitation wa... a...sumed to be insignificanl.

The adsorplion of Cd in the cilrate-free system (Fig. 2a)
is charactcrizcd by an adsorption edge rdnging fmm 5'k
adsorplion at pH 4.01099% adsorplion al pH 8.3. The system
cunlaining CÎlrdle (Fig. 2b). shows enhanccd Cd adsorplion
relative to lhat in Ihe citrale-free syslem under acidic cundi­
lions. hui less adsorption lhan in the CÎtrdle-frec syslem undcr
more basic condition!>. In Fig. 3. ail of lhe citrate adsorbl' al
pH values less than 6.0. hui the fraclion of adsorhed citrale
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pli

4. mEORETICAL TREATI\IENT OF THE
l\IINERAL/WATER INTERt'ACE

(2)

pli

>AIOH" - >AIO' + H·.

0.8
l..

0.6a
~
~

~ 0.4Ë
9

0.2

FlCi. 3. f:.xpc:rimenlal dala and cakulau:d aqueouo; :1",1 !lurface
~rcd.uinn of citrJle in Ihe ~yo;le:m wÎlh a cilrale:Cd ralio of ICI.O
f 10 ·.11 M cilrale and lU -Uo M Cdl in Ihe pre~nccof curundum
nnd n.n1~ l'of NnCI. The Ihick line depicts lhe fraction of lolal cilrale
rcpn:scnled hy lhe spccies :>AIHCil-'. :>AICil -:. and :>AICiICd".
The lhin Iioc:-. repre'iCnl Ihe: calcul.lled fraclion!! of each !lurface and
aque:uus "J'lCcics. ba.'iCd un uur be!ll-finin!! model (Table 61.

Thèse stoil:hiumelrie.. ilnd cnrresponding chnrge!' for the sur­
face siles imply a bond \'alence for AI of + 1. Howe\·er. the
hond valence of AI in corundul1l is :.:/CN = +0.5 (where
lhe charge of AI.:.:. is +3• .:md ilS coonJinnlion number. eN.
is (". With a hond valence for AI of +0.5. the sloic:hiome­
lries >AIOH:. >AIOH. and >AIO should cxhibil charges
of +0.5. -0.5. and -1.5. respecth·e1y. Thcrefore. 10 .:Jpply
rcactiuns 1 and 2 to the corundum surface requires se\·er.d
assul11plinns.

The cnrundum surface ducs nul displny .:Jny surfncc AI
..tums which arc singly cuordinaled ""'ilh il single hydruxyl
funcliunal gruup as describèd by lhe surface specics in reae­
lions 1 ;md 2. The surface AI are eilher doubly eoordin.:ucd
(un the 100 cryslal plane). forming >AICOH)~ 1 groups. or
arc singly coordinaled wilh hydroxyls (nn the 00 1 plane).
hui fnrllling ( >AI )~Olf" grnup". Hnwever. doscr examinil­
tion of·these IWO lype" of ~roul''' allow~ fur simplitic:aliun
lu a lr.uJitional lwn pK mode!.

Wc ncglccl the nl'idily of lhe (KH (>AI ):011" gruup"
hecause. accnrding lu lhe calculations of Hiel11s1ra ct al.
( 19R9':I.h 1 fnr the g.ibh"ile/water inlerface. lhis specics de­
prolonales uniy lit apprm:imalcly pH 12. and adds an addi­
tional prolnn only at pH in exeess of -1.5. PrO\'ided lhese
numhers rnughly hnld fur corundum. then liingly coordinaled
alumin;a surf;u:e grnups shuuld nol di ..play Brl1nstcd acidily
in lhe p'" r.angc of inleresl. and should not have contribuled
tu the m:id/h.:lsc hchll\'iuur displayed in lhe tilr':llion curve.
Il shnuld he I1ntcd lhat hy neglccting lhesc sile~ in our inler­
pretaliun. wc ma)' he nverlonking Cd and/or citrnte chemi·
s0rJ11iun onlu lhe nculr.lUy-charged (>AI hOH" sites.

The 1()O > A1(01 f ): 1 group" displny acid/hase behaviour
which can he rcprcsenled by a lrndilional Iwo pK mode!. Dy
analogy wilh me.al hydrulysis. deprolonalion of lhcse groups
shnuld procced 'ilcpwise. In facl.dnuhly conrdin,:sled surface

(1)

8 9

decrea.'ieli fmm neulral to ba.4lic condilion~. wilh only Il c:;.
admrbed al pH 10.0.

We model the experimenlal data u~ing a Irnditional Iwo
pK model in which >AIOHi. >AIOH fI

• and >AIO- are
the sloichiometries for the eorundum surface specie.o; in con­
lact with pure H~O (Slumm and Morgan. 1981). In lhis
model. the llcidity of the surface is quanlified through lhe
following reaclions:

FI(j. :!.. Expcrilllcnt;'1 rc"ult .. anù c.::lkulôlh:ù ;\lII\l:tlU~ ami 'url":u:e
o;pccllllion of CLI in Iht' J'reo;cnc.:c nf c.:llrunlfuln :mLl {HII.1 M N:aCI.
The fillcd cm:leo; rCl"rc~enl the I"r:lcli"llo; IIr Cd aù,.,rhcd (r. ,.1 un
cnrunùu", und Ihe Ihill linc.. rCfln.:senl the 1.':Ifl:ul:lled fr:lclitl"s from
c:\I:h o;urfacc a"d alfuenuo; spccic.. hao;cll 1111 nur hc"I-lillil1(! model.
( a 1 Expcrll1u:nls willl a cilrale: Cd mlin III" I)-flll 1 I(J ~ •• , M Cdl.
The thick linc tleric,", thc fractiun uf Ihe tllt:1I Cd repre:...cntcd hy Ihe
..unacc "~c.:icq :--AIO"':CdCI~.>AIOCd" ami :>AIOCdCI": rhl
Expcrinll:"," with a cilr:lle:Cd raliu of lII.n ClU " •• M c:ïm.lle. and
III .". M Cdl The Ihlck line: repre!!!:nl!! Ihc fr:Jclinn of Ihe Illl:'" Cd
r~prC'''c:ntcd h~ the ...unnce !!pccie:!! >AICiICd". >AIOCd d.

"·,\IOCd(T'and C >AIOIf I~CdCI~ cinliil!llilîcanl'. i.e.• nJudel /) IIf
T;lhle -l. Thi.. I~ the 1I11ldcl lhal bc:SI fit!! lhe :ld!l>OrplÎlln dnla CIherll1ll­
uynallllc Clln\Ir-JlIh arc re('Cnlcd in Table (,I. The da!l>hcd ;and dollcd
Iinc" fCpre"iCnl the fraction.. of lhe: IOlal Cd rcprc!lCnh..-d hy the: ..urfnee
"reCICO; >AICiIC\I" amllhme of rnndel!l A. R. and C CTnhle 4).

>AIOH" + H+ - >AIOH;

(a)
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-=~
~ 0.6
;;j
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0
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(b)

0.8

"=0#
..: 0.6!:
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--Al~O-I.5

:::;::::: --10-1.5

__AI~O-I.S
::::: --10H -O.S

:::::::AI~OH-O.S ... --A1-10-1

;:;' --10H -0.5 ..,--,

Olim. The ';Iandard ,;Iale for aqucou,; ,;pecie,; i,; a hypolhetical
one mol:.1 solution which exhibils Ihe behaviour of infinilc
dilution. IJcp••rtun.~ fmm Ihis slandard slate: for charge:d
al4ucuus spc:cies an: Char.lcleri7.l...d hy molal aClivity cucffi­
cients. calc.:ulalcd wilhin FITEQL 2.0 by lhe o-..vies cqu:'lion
(Davies. 19JH. 1962 t. AClivity cocrticicnts for neuinli al4ue­
ous specics arc :L~sumcd lu he unily. Because Ihc addilion
of NaOH and HCI durin!! Ihe cnursc of lhe experimenls
incrca.~cd innic stren!!lh tn. on a"cragc. 0.01,3 (nc'''cr more
Ihan o.n 1~ 1. we mndcl Ihe c~pcrinlcnls usin!! a constant
o.nu M NaC) eleclrolyte. The slandard stalç fur surface
cumplcxcs is a hypulhclic:·.al sile wilh 7.ern surface polenti'l!.
Dc"Îôltiuns fmm standard stalc: duc lu elcclruslalic inlcr.ac­
linns oclwecn cuunlcrions and Ihe surface are corrcclcd wilh
lhe Dultzm:lnn accllmulaliun faClur (e.g.. Parks. 199() 1.

5././" Eqlli/ihr;a tif tl't' ctlnltltlr",r/""tIIt'r ;rrtC"ifan'

ln lhis sludy. wc Icsl Ihe ahility uf a numbcr of differcnl
possihle surface cumplcx:lliun rcaclÎono, ln accounl for lhe
dala. References 10 Ihe !iitabilily conslant nf >AIO ~ H ~ Cd
~ cilrale =CI ~ OU surface cmnple:(es rcfer tu

a > AIOU" + bCd': + cCit 1 + (ICI 1 + ('H,:O =
(>AIO( H 1'1_ Il)..Cd~CiI,CI,,OH:':~'' ,Irll

+ lr' + flll "" ( 3 1

5. TtlEKMnU\'N,\l\1Il." I\IOI)I':I.INC;

5.1. Oala Trealmenl

FI(;. ~. Surf;ll:e alul1\ina ':II(1nlin...11l1O Il1tlc.h:r .. ;11 Ihc IIIU crv..I;1I
rl;mc :11 Ihe u-curunllull1/w;llcr inlcrla.:c 1 11111 cr~"lal rl;lIle J. -Ilia­
I!r-JI1\ l 'ihIlW'i Ii\C lfuuhl}" cllflrdin;lIed ..urfa.:c allumll'" \\ illl dillcrclIl
c.!cgrecs uf prlllllll;IIÎun l cadi hile ..urrnulldllll! ;111 AI alulll rern:"cII1..
unc AI-Cl huml J. I>inl!ra111 Il ..1111\" Ihc Cc.luÎ\alc."11I "'CCle.. 1:II111lllllllly

Il,,.:d in Ihe lilemlure. repre,"enled a.. a "1II~le '\I·C) hUlld 1aller V;1Il
Riclll'tfijl cl al.. 19M7,.

E4ui1i"'riulll cnnslanl.. fur surfal:c clIlI1pleXaliun rc:u.:tillns
wcn: cakulatcd wilh the enmpulcr prugrmll FITEQL 2,,0
(\\'c"I:111. l'lR2a.h 1 u.. ing the conslanl C:lp,ICilance l1uKlcI
1Sdlindlcr ,me.! (jalll.. jügcr, 11I12,. Thc '1,1I1l!,ml st;lles Ih,11
arc cll1pln)"cu in Ihi .. "Iudy lm Ihe ..uliLi plmsc anu fur walcr
.m: Ihc purc mincral ,md l1uid" respcctivcly" :11 2S"C ;mu 1

AI sile.. shnuld uisplay Ii\'l: prohHl:llinn 1c:\l."I .. 1Fig. ~ 1. Ihree
nf whkh arc likl:ly III exi"l ulllk'r Ihl: pllc.:nlll1iliun.. uf inlcr­
cs!. I-lîemslm cl al. 1 Ic.JX9a.l'l1 argue Ihal complele llcprnluna­
linn nf :1Il n'tygcn in Ihese group.. cOIn IIl1ly ul:l:ur un­
uer cXlrcll1c1:y :llk<llinc c.:llnùilinm•. Thl·rdnrc. ulIl1l'r Ihe pli
cnnuitinns of Ihe c'tperimelll~. >AIO~ anù -·AI( () Il 0111
will nnl \le signilic.:;1Il1. Thc rl:lI1ailllllg Ihrl'C group,,,
>AIIOIII,:" >AIIOlillOII~I"" and ~AIIOII~I: c.:;1Il he
rcprc..cmcd as >AIO " :--AIOll ft

" and ---AIOII';" rcspcc.:­
livetY (Van Ricm"dijl.. Cl al." 19X71. Thl"rdllre" re;lclinns 1
,mù 2 may rcasllna"'ly "'e u..cd III 1tI11dcllhl" :Ic.:id/l'la'e hchav­
iuur uf Ihe conllu.lum/w;lIcr interface.

( r ):.... -
- S

\'1 ri = Ir, 1

"1' ·"11 - nu

fi "'> AIOII" + "Cd': + ,ril • + (/1-1" =

>AI..II',/I,Cil.Cc..I;:'·'" " '.' :10, + U:O. (ol)

wllt.·re himling nf a c;uinn ln >AIO 1" necessarily implie"
Ihal ;1 hidcmhuc surf:u:e cnlnplex is hein!! fumlcd" Fur > AI
=Il :.: Cd ~ dlmle wc wrile

The Iii paramcler Ih:11 i!ii cakulalcd hy FITEQL :!.O" \' ( r ).
i~ lIscd ,IS :1 erileriun fur delcrmining which reaclilln ur reac­
liull" hcsllil the dat;l" Furcach d;lla puinl" FITEQL cllkulales
r. Ihe crrnr in Ihe lII:!s" halancc (Ihe L1ifferem:e hclwccn
expcrilllcnl;11 anù C::lkulalcll \":llues l, The wei~hlec..l "lInl of
squ:ncs uf the crrnr i.. l1urnmliJ'ell ,lcc:nullling fOf Ihe numhcr
uf lI:1la pnilils. " .. " Ihe nUI110ef of chemic:al cllmpunenls fOf
which holh tol:11 and free c.:onccnlr:llinns arc kllown" "II_
:lI1d Ihe IHlmht:r of al!jll'ilahh: par:lInclcrs (i.e.. furmalinn
consl:mts :mll Inlalc.:uncclllr;al iun uf compunenls 1. "u. 10 gi'''c
Ihe o\'erall \"arial,,:e. '''( ri. in 1":

where ,,\', i.. thc dcf:lult expcrimcnl,11 crrnr given l'ly FITEQL
!.1I (WCSI;III" IlJ1<20. p. (l21. Ac:cording 10 Weslall ( l'lM:!h 1"
;a !,!lKI\.I lit ln Ihe dal:! ..huulu yield a V ( )' 1 value hclwccn
li. 1 and 20. In Ihi, Slud)'" Ihe spcdes comhinalions chusen
ln fil the cxpcrimcnlal d:ll" arc Ihuse thal yicld Ihe Inwcsl
\i ( r 1v"lucs.

Thc v:llues uf lhe cquilihrium Cllllslants fur lhe <lqucous
l"umplcX;lliun rC:ll:linns :II 25"C uscd in Ihe caiculalinlls ;Irc

5./.2. 1~(,,,;IiI)r;" i" .\tI/",;,,,,

II.1.
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SnrpIinn or Cd cilrale on n-Al:<'. 29))

Table 1. fonnoIlion con.'ilaI1l" of aqucous spccies Table 2. logK CdCir' (1=0)
ll=OM. 2S'C)

... Cunditional K (at finile 1) reponed
hum Ihe eltperimenls ur Treumman
and Ferris (1958).
b. Recak:ullll~K (1=0) u.'iÏng the Oavies
equ3tion (see leltl).

1
0.195
0.031
0.023
0.027
0.027
0.032
0.037

Ctr! + 2H,0 .. CdOH+' + H·
Ctr~ + 2H:0 .. Cd(OH)," + 2H"
CU'~ + 3H:0 .. CdCOH):" + JH·
Cu'~ + cr -.. CdCI"
Cu'! + 2CI' .. CdCl."
Cir' + H"" HCir! -
Cir' + 2H' .. H.Cir'
Cit 1 + o31r .. H:Cit"
Cif' + Nu' - NaCir!
Cir 1 + Cdz, .. CdCir'
Cil 1 + Ctf' + H" - CdHCit"
Cil' + Cd!' + 21-1' - CdHzCil"
lCil ' + Cd!' .. Cd(Cil)."&
Nu" + CI .. NaCiu -

N'l" + H.O - NaOH" + H·
JI" + CI'·" HCr'
U· + OH - H10

101 K
-10.1
-20.3
-31.7
2.0
2.6
6.4
11.2
14.3
1.3
5.9"
10.0"
13.5"
5.3

-0.8
-14.2
-0.7
14.0

logK'·
5.0
4.8
4.9
4.9
4.9
4.8
4.8

0.039 4.8
mean logKb

: 5.9

logK'
5.8
5.8
5.8
5.8
5.9
5.9
5.9'
5.9

Table 3 Equilibria al a-AlzO,/waler inlerface

dUClCd al 2()OC (Smith and Martell. 19821. Nu attcmpt has
heen m;lde tn elttr.lpulate Ihese values lu 25°C bccausc lhe
enlhalpies of lhese reaetions are not availablc.

5_1. Cadmium Adsurptiun in the Citrate-.·rl'e S~'stem

Figure 201 iIIuslrales Ih"l Ihe Cd ..dsnrplion edge c.tn he
ùivided ilttu twu distinct regiuns. Al lhe high pU end ( ..1 pH

5.2. t\cid·IJa.~ Properties of a·AI:O)

The acidity cnnsr~1I11s nf thc "urfacc funclion..1 grnups
wcn: e\,.lIualcL! using the mnlOilitics of the titranls and acri\'i­
lie.. nf free Il . as cnnstr.linb. The tirst and ..ecmld acidilY
ClInsl..ms and the lnlal surfilee sile cnnccntr.uion were calc:u­
lilled simultaneously using a capacîtancc of 1.05 F/m 1 1Ta­
ble 3). This value yields lhe hest IiI tn lhe cltperimenl..1dala.
The v..lues nf the logarilhm of lhe calculalcdlirsl and second
..cidily const.mls OIrc 7'" .md -10.7. re~[lCcti\·cly.yiclding a
cah:ul..rcd pl Ir,. uf 9.1. Thi .. value is in guod agreement wilh
huth Ihcnrctit:~11 and clt(lCrimental dclerminalions of the rllr'.
uf cr-AI:O.. which give .....hlc.. uf 9 ..:\7 (S ...erjcnsky. 194..J 1
,mù l.J.1 (lJavis and Kenl. 1l.Jl)O 1. rcs(lCcti\'ely.

V(Y)
51.4

101 K
7.4
·10.7

r=I.OSF/mz: I>AIOHT
Il I=2.7mM:

SC'=9.3m2/g: a·AlzO,=IOOgll

>AIOHO + ..... >AIOHz•
>AIOHo .. >AIO' + H·

il. Capacililnce
b. Tnlal "urtace "Îles (c:alc:ulaled)
1:. Surface iUU (Fein" Brady_ 1995)

Ali , ..hIC' i,re Imm Manell iIIkI Smilh (1976;l.bJ;nI Smilh
;IIlU l\1;utell (l'JX~J. The n:;k:liuM we~ rewrille:t1 ~1:tll\ling

lu Ihe Innnali~1l1 imJX}"ietJ Ily FITEQL 2,ll ami Ihe v:du~
n' Ihe Inrmillinn ,"nSlan' l'lere re.:al'ul;IlCu 3I:cunlin~I)'.

il. Re,c\'aluillctl ('iCe le,.;l and Tilble 2)
h. Thc..c rnrmalinn cnn'l..nl .. arc Imm c'(lCnnlen... cnn·
dm:lcLl ill :2'I"C (Smi.h antl ~1ilrtell. l'lK:2I.

thn~e compîled by Martell .md Smith 1 IQ7fia.h) anu Smith
.and Martel! 11982) corrected tu 1 ~ () M 'lOd rresenlcd in
Table 1. The formation cnnsl'lnt fur lhe reaclion Cd -1

+ Cit -, = CdCil 1. given by J\.hlnell ~lOd Smilh ( 197(la 1 is
from Ihe e~pcrimcnt~of Trcumann "Ill.! Ferris ( 195k J. who
measured the slahility of the aqueous CdCil 1 complclt ~ll

difrercnl innie slren~lhs using a pulelllinmelric ledmiifllc.
Treumann and Ferris 1 IY58 1c~tnlll'll:lledlhc :Irr.lrent cqui­
Jihrium cnnst:mls at linile iunie strenglhs (from OJ)~9 ln
O.IY5 11101..1) ln infinilc dilulioll using a line.sr I)ehye-I Hickel

rdalinnship. log 'Y. = - fiA -li (wherc " • is Ihe molal Dehye­
Uückcl constant. and 1 n:presents the iunic slrCnl!lh ) ln nh­
Iain .. value of 5.35. Wc have re·cvah"llctl the ùal .. uf TrclI­
mann am! Ferris 1 1958 J. usinl! the D'l\'ic... equalinn wilh a
lU Ilerm (Da\·ies. 193R. 19621 and ohtain ~l value nr 5.4
for Ihe log slahilily cnnslant nf Cdeil 1 (Tahle 21. Wc use
lhi~ rcc~llculiltcd valuc in (lur calculaliun...

Neglecting minentl surface spcde~. lhc lwu duminant
aqucous CtI species in the cilralc-frec syslem arc Ct! -: 'lOtl
CdCI' . In the aqueuus citrmc-bcaring ~y~lcm. thc duminanl
Cd spcdes are Cd':. l1cluw pH 4.4. antl CdCil 1 ahnve
Ihis value. The s(lCcies GUICit Il and Cdll:Cït - 1 tn!!clher
conslilule Icss th'ln 11ç. of the 10t'll Cd. huI nnly bdn\\' pH
45. Ahu\'l" 'hi~ valut.'. thr. Cfl"Cenlnllilln~ nfthese 1\\'1I spedes
arc insignifie:ml. The majnr cil raIe ~pecies arc Il,Cit".
Il :Cil 1. BCit :. Cit '. Cdeil 1. and NaCiI :. Il shuuld
al~n he nuleu lhal Ihe fnrmatinn cnnsl.tnls for the ~pedc"

CùHCit" and C\.11I~Cil· 'lre rcpurlcù fnr ellpcrimenls cun·
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FIl;. 5. SChetnalic rcpl'C'!'iCnlalion ur Ihe cmnplClt 1>1\1011 1:­
CdCI~. (F..ach line ~urmunding an AI alum n:p~nl.. one AI·()
bond.)

08+0.5
2

00-0·5
\

CdCI;
/

OH-o.5

~1~1/' 1°0 :.
5

""'AI
./'

bic: .. ). As indicated in Appcndix A. nnl alllhe samplcs werc
analY1.ed for citrate. Bccau!'Oc of the consi ..lent trend in citrale
adsorplion between JlH 3.U and 6.0 (mure Ihan 10 ,,,. M
adsorhcd ). wc intcrpol..ted Ihcse rcsulls for the d"l" poinls
in thal range !iD Ihat Ihe cnrres(lunding Cd adsorplinn d..ta
could he uscd fur thcrmodynamic mC1dclin~. The s:lmplcs
with pU ,".ducs all<we 6.0 lhal were nul amllped fur cilnlle
wcre nol used ln cnnslnain Ihe thermucJynamic Jlammeler...

One pllssibility for Ihe stoichiol11elry of lhe Cd-citr.Jlc
lemary !iurface complcx is >AIOCdCil !. Uu\Vc,·cr. FI·
TEQII docs not converge using Ihis sinichiumetry. inllicaling
an inahility to accounl for Ihe Cd-~ilralc .ad..orplion d..la.
The olher rc:lsomlhle 'illlichinmclry rur Ihe lcmary cnmplex
i!'& >AICiICd". The rc-mlls nf the calculalinns in\"olving Ihe
Cd-cilrale Cll(lCrimcnl..1dala. usin!! > AICiICd" as Ihe lern;lrv
complcx. arc rcpnncd in Tahlc 5. Ali li'"c spccie.. ~nl1lhim;­
liuns that fil the citralc-frce Cd adsurpliun cdgc (dcnulcd a"
spccies comhinaliun A. Il, C. /J. and El werc sc~ucnlially

uscd 10 fit Ihc cilr"le-~:lrin!! Cd adsurpliun dal... Wc nnl..in
a rc-dsumlhle fit lolhc d;ll:J usin!! >AICiICll" with tKllh >AI­
Cil ~ and >AICilll 1 ...s lhe complcxes represcnling ad­
sorhcd dlmlc (Figs. 2h .md 3. T;lhle 51. Induding the spc­
cics >AIII~Cil". >AIIICiICtI'l. ur >AIII.CiICd·: wilh
>AICiICd". >AICil ! ••mLl >AlliCil 1 du~.. nul signifi­
canlly imprm'C the fit tu the d..l... The hcst-fining curvc"
from mudcls A. Il, C and IJ in Ihe citralc-hcaring s)'slcm
are shown in Fig. 2b. MndcllJ Ilest accounts for the Cd and
cilrale adsurpliun tlala. yiclding a \' ( r J ":lluc of 1(,.0. The
\' ( y) ".dues fur the mudcls A. R, and COire 2,).7. 1H.l. and
21.5. rcs(lCcli\'ely Cmudel E fails 10 cun"erJ,!e J. Thc chC1!oCn
mode1 is rcpnrted in Tilhle 6. Our mndcl indic&llc.. Ihal lhe
lem:lry complex >AICiICd ll duminales Cd surf&l~e cmn­
plcllatiun al pli valuc.. le.... lh.an 7.9. und Ihal >AIOCd'
and >AfOCdCI" dmninalc ah.we 7.9. The 'Jlccics
(>AIOII )~CdCI~. whkh WOlS rccluircd in unJer ln a~c(1unl

fnr the luw JlI-I Udsurpliun dalil in Ihe citnlle-rree "iyslem.

5.4, Cadmium Adsorption in Citrate-llearinl: Systems

The ellperiments indicale Ihat the presence uf CÎtr.Jlc co­
hances Cd ad!>orplion under acidic condilions. mu!'&t likclv
lhrou(!h the formation of a Cd-cÎlrale lernm'\' surfaœ con;­
plex. In quantifying the !'&tability of the lerml~ cnmplcx. wc
mUSI considcr the presence of other surface CÎlrdte CClll1­

plcxes. The slabililie!i of thc surface CÎtmlc and surface Cd­
cilrale compleltes arc simultaneou!'&ly dctermined scqllcn­
lially using Ihe values of Ihe slanilily conslanls fnr Ihe livc
species comhinalions lhal best fitlhc cilnlle-fre«: sY!'ilcm (Ta-

values grealer than 6.5). the acilllOl'plion edge il' 5teep. while
at die low pH end (below pH 6.S). the 510pe is more 5hallow.
This change in slope 5Ugge5ts that more than one Cd !Surface
c:omplex is imponant in the system. Surface complexalion
reaclions whic:h liberate protons exhibit sleep ad.~ion

edges due 10 a slrong pH dependence of lhe slllbilily of lhe
c:omplex. Convenely. surface complexation reaclion5 Ihal
do not liberate protons yield ad.l;OfJ'Iion curve5 with shallow
slopes. In acidic: conditions. Ihe Cd 5Urfac:e campleIelS re·
quire a low charge in order 10 avoid slrong el«trmtalic:
repulsion wilh lhe dominant > AIOH; ~urface sites.

We te.~lcd ail rea.liOnable Cd 5urface specie.~ comhinutions
by detenninin~ lheir ability to account for Itle~ed ~d­

5Orption behaviour. The rC5uIL" of lhe.-.e lests are reJ1Of1ed
in Appcndix B. The spccies >AIOCd·. >AIOHCd ll and
> AIOCdOH .2 eithcr taken alone. or in combinalion. provide
large rnisfits 10 Ihe expcrimenlal daill. On Ihe other hllnd.
sorne of the surface Ladmium ch'oride complcxe!> yicld !iig­
nificanlly lower V ( y) values. Chloride nonSJlCCific ad..urp­
tian 'owers charge allhe ollide/waler interfacc (Gunneriu!i­
son. 1994: Gunnerius50n el al.. 1994) and. 3.'" a resull. calion
adsorption may be promoled in chloride-bearing lIuids. In
facto Gunnerius...on (1994) me3...ured more Cd ad!iOrpliun
omo goethite in NoCI lhan in NaNO,. and he modeled lhe
syslem wilh lhe spccies > FeOHCdCI, • > FeOHCd .z.
>FeOCdClo. and > FeOCd + • As !ihown in ApflCndill B. any
of the species combinalions nol involving (>AIOH)n
CdCI~ yield V( y) values larger th'ln 20. Using Ihc spccics
( >AIOH hCdCI~. instead of >AIO"'CdCI~. signilicanlly
impmves the fit to the data. This specics is lhe unly une lhat
provide... a good fil 10 lhe low pH adsorption dala. It muy bc
regarded as a hidentate CdCI ~ complex oRto Iwo adjacent
> AIOH n sites (Fig. S). The comple~ CLICI ~ may fonn due
to Ihe lowerdielectric COnSlani of water allhe mineral/water
interface (SposilO, 1984. p. 70). Convc~cly. Ihis spccies
may represent the binding of Cd onlo IWO adja~enl -011 "'
groups from IWO adjoining AI (OH )( OU!)" siles (e~uÏ\'alent

of AIOHo t sites. coupled wilh CI nonspcc:ilic adsurpliun on
Ihe -OH;" ~ groups.

The live !ipecies combinalions thal provide Ihe hcsl lits tn
the dala are reported in Table 4. WÎlh (>AIOH I~CLlCI~.lhe

!ipecies >AIOCd·. >AIOHCd· z• and >AIOCdCI". eithcr
laken alone or in pairs. equally rit Ihe whnlc adslirplinn cdgc.
The dala from Ihe citrale-free sy!itcm arc nOI sufficienl to
discriminate between Ihe possibililics. Howcvcr. the citrate­
bearing sy!'&lcm providcs additional cnnslrainls 'lOd. fur n~..•
sons explained below. spccies combinatiun 1) ITahlc 41 is
the chosen model.
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Table 4. Surface spec:ialion modeling
<CÎttale:Cd=O.O)

Table 6. Chosen Model

The numbas prececdiftl the tllRe tint species
correspond to the stoichiometric coefficients
denotecl by lhe Icuers a. b. c. d. c and r of
equation J; thcKe of the rollowinl dne SflIICÏCS
an: ror Iclters Il. b. c. ud d of cq....ïon 4.

IoIK
A. IIOUOO >AIOHCd·z 5.4

210200 (>AIOH)2CdCI2o 9.4

B. 110001 >AIOCd·' -2.6
2102U0 (>AIOH)2CdClzo 9.S

C. '10101 >AIOCdClo ·1.1
210200 (>AIOH)2CdCllD 9.4

D. 210200 (>AIOH)lCdCJ20 9.4
110001 >AIOCd·' -3.4
110101 >AIOCdCID -1.7

E. 210200 (>AIOHhCdCI2° 9.4
II(Im >AiOHCd·2 5.3
110001 >AIOCd·' -3.3

V(Y)
14.6

14.9

13.9

14.6

15.2

110200 (>AIOH)lCdCll0
110001 >AIOCd·1

110101 >AIOCdCt'

1111 >AICilC~
lOi 1 >AICit-~

!Ot2 >AIHCir'

IOIK

9.4
-3.4
-1.7

16.8
13.S
18.0

The Iisted 5pcc:ies combina.ions are the cnes Iha. bal accounl
It.lhe observcd alhxpIion (A. BIndC:ft _en from Appendia
Ill. The numbers pm:eedinS each species c:on-espond 10 lM
5toichiomelric coefficients denOltd by lM letlers a. b. c. d. e and
f of cqualion 3. Foreach species combinalion 1isled.1her~
ronsfiIIIIS for lhe complues have bem simuhancously delelmined.
The calculOllions yield li fomuuion constlllli fot thal complea _
Ihe variance. V{Y). OLSSOCialed wilh lM calcuhlled filto the data.

becomes insignilkant in the presence uf citrate. Cambier and
Spositu ( t991 ) also modcled the adsu:"Jltiun of citrate on
pseuôn-bochmite with a constant capm:itancc model and ob­
taincd cunstants fur the surface spccics >AICit ! and >AIH­
Cit 1 (1()'!IU' and WI"H. respccti\'cly) thut are in guod
agreement with those prcscnled in Tahk S.

6. mSCUSSION

systems Ihat contain various citrate: Cd ratios at a constant
Cd concentration of 10 -.... M. The figure shows dinerent
adsorplion plateaus for each concentration of cïuale that i,;
considered. The adsorption plateau repre.-.enL" the balance
bctween the stabililies of the aqueous CdCit -1 complclt and
the surface complex >AICitCd".

With increa...ing citrate concentration. both enhancement
of Cd adsof1ltion and aqueous competition increa.-.e relalive
to Cd adsorption in the citrate·free system. That is. a... citrate
concentration increa.-.es. the Cd adsorption edge shifL" to
lowcr pH values. indicating increa....ed formation of >AI­
CitCd". However. this is accumpanied by a dec:rea...e in the
level of the ad..orption plateau a... aqueous Cd-citrate com­
plexation increasingly compeles with surface Cd-cilrolte
complexation. The adsorption enhancement is limited by the
amount of dtr.ue that can adsorb onto the surface. For in·
slance. at il citr.ttc concentmtion of 10 - :!I.IM (citrate:Cd ratio
of 1nO) the surface siles are satur.ued wilh adsorbed citrate.

Table S. Surface !ipecialion modcling (citrale:Cd=IO.0)

Thr Illur llumben pttcml'"1 each 'flK'" mnespund 10 Ille Ilodn_necœff'1ClnlS.
lknn.nl a.b.c. and d. of~,.... ,. TIte IeIlen A. B. C. 0 lIId E mer 10 Ille l(IKies
."...h,Nt.."" Itw ...Mcllille d". ror lhe c:ilnlc r_ s,_mlled i" T.tIIe .1 .... _
..-.irll ....ûlille data of Ille cllr.r.ban"l c.prn~. The IlIlldtII A. B. C II1II
o 1111 ,or'" IImll", rnrma..... cnn.,....1 ror Ille IPK'" >AICitCd" but do _ eqwelly
iii I~ü. M,.l 0 os Ille che-.. mudel bequw Il pnwMln 1_ bnI _'Mie. rl'l
'. cnn-. mrllnl Ihal Ille npumll.a.ion pnlRdare~ conftl'p.

Aqucous mctal·nrg..mic complcxalion cun c;ucccssfully
cnmpclc with surface rnetal-org,anic ct1l11plcxatilln. even élt
Ill\\' pH. whcncver the cnnccntnttiun uf nquenus nrganic
anion o\'crwhelm!' Ihe cap..city of the !'urfotce to adsorh it.
Figure 6 depicts CtI ad!'orplioll etlges that 'Ire c:alcul..lcd for

pli

0.8
~
GI

0.6.l;..
c
"--,:

= 0.4~

~

0.2

FIG. fi. Calcululed elltent of Cd lld!'ofTIlion Il'' a runclion of rH III
citrale-Cd rotio!> uf n.oo. HUJ and IOn (Iolal Cd =' 10· .... M, for
a COrundUlfl !'ius(1Cnsinn of 100 ~/I and Il 0.(1) M Nael elcctrolyte.

D E
16.8 no canv.
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16.8 17.0
13.S 13.6
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log KI 1111 >AICiICd"}
l0lt K'IOII >AICil l

)

log KIIDI2 >AIHCil'}
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and al higher citrate concentration.~. additionnl aborplion
of citrate. and thus addilional >AICilCd" formatinn. il' not
pllS..;ible. Once the concentration of citrate overwhelms the
capacity of the surface 10 ad.~rb il. exce5.~ CÎtr:lIe remains
in ~Iulion and is available 10 form aqueous CdCil - • which
Il1en compeles with the surface for the avaihable Cd •~. This
disc:u~.;ion however. doe..; nol take inlo account the errccts
ofaqueous Al-c:ilrale complexaiion Ihal arise fmm enhanced
minerai di~~lution due to lhe high concentration.~ of cilmte.
Nevenheless. Ihis ellample iIIuslrates lhe innuence of Iigand­
lo-metal r.alios on the ellle~u of co-adsorption of aqueous
CdCit -1 onlo aluminum surface siles. These mechanil'ms
should also penain. al lea."l qualilatively. la any "uid-rock
syslem conlaining stmngly complelling multifunctional or­
ganic acid anions. such as humic or fulvic acids. .

,. CONCLUSION

Cilrate exert.. Iwo opposing effects on Ihe ad..orptinn of
Cd. At low pH values. the fonnation of the temary surface
complex >AICilCd" enhances the adsorption or Cd Oftlo Ihe
surface. Conversely. at higher pH values. the AI surface
sites deprolonatc. les... cilrale can adsorb. and >AIOCd·
and >AIOCdCI Il bec:ome more stahle Ih.an >AICiICd'l. The
additionnl dtroltc in solution. in fonning and >AIOCdCI"
become more slable than >AICitCd". The additional cilr.ale
in solulion. in fonning aqueous CdCil 1. compete!i with the
surface sites for Ihe available Cli. rcducing the ..muunt of
Cd lhat cOIn ad!iorb onto the surface. Thcrefure. dCJ1Cnding
uron the pH. cilrate (and by analogy. other mullifunctionul
organic anions 1 can play different OIles in ..ffecling mclal
mobilitie~ in Ihe subsurfacc. At lo\\' (lU. the presence of
CÎlmtc imflC'des migmtion (lf met.t1~ hy enhancing met,,1 ad­
sorption: at higher pH values. citr.lle cnhances m~talll1obilil·

ies through increased aqueous mctôll·cilr.Ue cOInplexatiull.

Adflnll"/t'd.l:m"flu-Funding fur Ihi'i 'ilutly "·as pl'Il\"itietl hy
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anunymllus rcviewcr for Iheir helrfll1 cnmlllcnl... \Vc alsn lh:lnk
Alfnnsn Mucci :mu Cnn'ilanCC Guign:Jrd fur Ihe use and !!ultlance
wilh lhe aulomalel.! lilrollur.
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APPENDIX A. &perirnentaJ .tsorpcion data

c:itrale:Cd-o.O dlra!!:Cd_IO.O
pH Cd... pH Cd... Cl.... pH Cd... Cie...
4.0 S.OE·6 3.0 2.0E·6 9.8E-4 6.3 1.3E-S 9.0E-4
4.5 8.0E-6 3.5 1.0E·6 6.S 6.8E-S
4.7 9.0E-6 3.9 I.2E-S 6.1 9.IE-S I.OE-4
S.O 1.2E-S 4.0 1.3E·S 1.0 8.3E·S 9.4E-4
S.I 1.6E-S 4.0 I.IE·S 1.0 9.0E·S 9.IE-4
55 2.8E-S 4.3 1.9E-S 9.8E-4 7.1 8.6E-S 9.3E'"
5.9 J.OE·S 4.5 J.5E-S 1.J 8.6E·S 9.9E'"
6.0 J.SE-S 4.8 J.4E·S 1.6 8.,5F.-,5 8.SE-4
6.S J.6E·S 5.0 ).9E-S I.OE·J 1.6 8.JE-S
6.6 4.0E-S S.I S.5E-S 1.6 8.3E-,5
7.0 6.6E-S 5.3 6.6E·S 79 8.0E-S 8.0E'"
7.4 9.2E-S S.4 7.2E·S 7.9 8.0E·S 8.0E'"
1.6 9.IE·S S.S 8.2E-S 8.0 8.6E-5
7.8 9.JE·S S.6 1.JE-,5 l.OE-3 8.0 8.3E-S 6.1E'"
R.O 9.2E-S S.6 8.2E-,5 8.3 8.6E·S 7.3E-4
8.2 9.8E-S 5.1 7.6E·S 8.6 9.2E·S 6. 1E-4
R.3 9.9E-S 5.9 8.SE-S 8.8 9.4E-S 4.0E-4
8.4 9.9E·S 5.9 1.0E-S l.OE·) 9.1 9.9E-S

6.0 7.6E-S l.OE·3 9.3 9.8E·S 3.SE-4
10.0 1.0E-4 1.IE-4

Cd.... and Cil"", are the mol:al concenltiltions of Cd and Cirrale adsorbed.
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APP9IDIX 1. 5..t'1R~ ...., ran-:ctt-oo)
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._, >AIOCdCI" ~.2 lOS

,_ >AIOlled" •. _sina ._, >AlOCd" -3.177 092 '00'" >AlOCdCr
,_, >AlOCdO,' .0.7 tG. 1 ._, >AlOCd" ,_ (>AIOH),CcICt" 9.194 ._" >AlOCdOH"

,.." >AIOCdOI" ·10.0 119 ,_ >AIOt.Cd·' IID COIlYGJCIICC ._. >AlOCdo' .2.W) 14.11
, .."" >AlOCdC1" ,_ I>AIOHI,CdCl,' 9.456
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CHAPTER3

CONCLUSIONS

In tbis thesis, new results on metal-organic interactions in mixed fluidlrock

systems were presented. Citrate can have a strong effect on the speciation and

solution concentrations of Cd(ll). At low pH, citrate enhances Cd adsorption, relative

to citrate-free systems, by fonning the surface temary complex >AlCitCdo. This could"

not have been predicted without these experiments because not all multifunctional

organic acids behave in this fasbion. EDTA, for example, fonns 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

enhancement is however limited by the quantity ofcitrate 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 fluidlrock systems.

This thesis has also dealt, though indirectly, with problems associated with

electrolyte binding ta corundum and the adsorption of Cd(Cl)l(2-1t complexes.

Adsorbed electrolytes tend ta 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. Furthermole, 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 he

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 CdCI complexe

Complexes ofthis type were also modeled by Gunneriusson (1994a,b), however they

are yet not supported by in situ surface spectroscopie observations. Altematively, it

could he argued that the>A130-o·s sites would he responsible for the low pH Cd

adsorption data. For example, an EXAFS study of Pb(ll) surface complexes on

corundum and goethite (Bargar, 1996) suggests that lead can bind to two >Al30.o.s or

two >AIO-1
.
s sites or a mixture of both. There is also an indication of outer-sphere

(hydrogen bonding) Pb eomplexation on the 001 crystal plane. Cd(II) could

potentially behave in a similar fasmon. However modeling these specifie interactions

is not possible using conventional wet chemistry methods beeause 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 he used to build predictive models of contaminant

transport in fluid!rock systems. In addition, this thesis bas examined the effects of

electrolyte adsorption on surface potential and the adsorption of CdCI complexes.
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There is still considerable uncertainty regarding these processes, and resolution is

likely to involve additional techniques such as minerai surface spectroscopy,

potentiametric titrations and electrophoresis. However, ta model bulk mass transport

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