


zMeOH + ME’ 2 EM&)& -1) f H+ ; G (3) 

=LfeOH f Mz+ + =MeO 
=rCfeOH 

~ =Illeo > M(=-2) + 2H+; (4) 

Surface coordination equitibrium constants have been used to describe 
quantitatively the interaction of cations with oxide surfaces. Similarly the 
metal ion at the oxide surface may be treated as cb Lewis acid; the OH’ ion 
may then be replaced by other coordinating lig~4s (ligand exchange) 

ZMeOH + J’L~- z sMeA(‘-a) + OH- (6) 

The objective of this paper is to Nustrafe that this simple ligandexchange 
model is able to expfain atid predict, at leas% semi-quantitatively, the main 
features of the anion adsorption (extent of arL4orption as a function of pH 
and so!ution variables) at the hydrous oxide surface. CE-F&OH (goethite) 
ws chosen as a model oxide surface reprtisentaafive of interfaces encountered 
in natural waters; it has a zero poini of charge pHz, a 7, so that adsorption 
on positive and negative surfaces can be examined. Its interaction with acetic 
acid, silicic acid, sulfate, phosph&?*and ftuoride was investigated. These anions 
and weak acids were selected because they offer a range of acid-base proper- 
ties (p& vdu~s) and different coordinating tendencies and numbers of 
protons and because they are representative of substances indigeneously 
present in natural waters. 

Several authors have invesi’igated the adsorption of anions and proposed 
different modeLc for its descri.?tion. Quirk ct al. investigated different anions 
and weak acids at the cr-??eOOH surface [4---a) ; they showed a relationship 
between the pK, of we&z w%L and the pH optimum of adsorption. Anderson 
[91 treated the adsorption cii arsenate on r-AI,Os as a process involving 
elecbrostatic and chemical interaction; electrophoretic measurements and 
determination of adsorbtad quantities at zero surface charge allow a distinction 
between the chemical and the electrostatic contribution to the adsorption 
energy. Huang (10’1 applied the James-Healy model of adsorption [ll] to the 
adt arption of phosphate at the y-Ai,O, surface, while Gupta 1121 interpreted 
the binding of phosphate to iron oto’dz with a coordination model similar to 
that presented in this paper, Yates and Healy 1141 studied the adsorption of 
nitrate, sulfate and phosphate on goethi’e and a-chromia surfaces and 
examined whether anion adsorption in these systems involves ligand exchange 
with nurface groups. The work described here is based in part on the Ph.D. 
Thesis of L. Sigg [IS]. 
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EXFERIWENTAL METHODS 

a-FeOOH has been prepared according to the procedure given by Quirk [8]. 
The resulting suspension was shed by centrifugation, a-FeOOH was identi- 
fied by X-ray diffraction. The specific surface area, determined by BET 
measurement was 29 m2 g-’ for a-FeOOH I and 28 rn’ g-’ for preparation II 
(a-F&OH II). (These samples were prepared at different times.) 

Tikm fiun curues 
r*-FeOOH was titrated acidlmetrically (and/or alkalimetricalIy) In the 

presence of an inert electrolyte medium (0.1 M NaCIO,) and in the absence 
;md presence of speGfically adsorbing anions, As equilibration of surface 
reactions is a slow process, the titrations were performed as batch experiments, 
Le., ta aliquota of goethlte suspensions contained in a multitude of volumetric 
flasks various increments of strong acid or base were added. During the 
< qullibraticdn time the flasks remained stoppered (without air space above 
the solutions) to avoid contamination with C02_ For each point of the titration 
curve a sepmte sample of total volume V = 26 ml was prepared, containing: 
L-6 g 1-t a-FeOOH(s); 0.1 M NaCIOd; various concentrations of strong acid, 
C*A, or bsse, ca, respectively, and in the case of adsorption experiments with 
zn anion, the anion concentration was varied between 1-10-*-l*10-f 111. 

pN was measured potentiometrically by a glass electrode* using an electrol- 
rte bridge .md an AglAgCl reference electrode- 

‘Iotai exchange capacily 
The total exchange capacity, (=FeOHT), i.e.. the maximum number of 

exchangeable OH groups at the surface, was dcternrined by two different 
procedures. (1) To an a-FeOOH suspension an excess of strong acid or base 
was added; after equilibration the solid phase was separated, and the remaining 
acid (or base) ln the supematant was back-titrated. This procedure gives 
z:FeO&. = 2- low4 mol g-l = 4 OH-groups per nm2. (2) An excess of fluoride 
was added to an a-FeOOH suspensiun; the pH was maintained constant at 5.5, 
After equilibration either the remaining F- in the solution or the quantity of 
P- bound to the surface (desorption by raising the pH to 7.5) was measured. 
This method gives =FeOHr = 3.6-lo-. mol g-’ = 6--7 OH-groups per nm*. 

Both experimentally obtained values are lower than the theoretically 
calculated ones [IS]. Since different kinds of OH groups may belong to the 
surface, depending on the coordination type and geometric situation, their 
reactivity may differ. For calculations the value 29lo-* mol g-’ was used, 
which may be the most realisiic one for exchange with cations and anions. 

Adsorption measurements 
Adsorption of fluoride, sulfa&, acetate, silicate and phosphate has been 

investigated as a function of pH and total concentrations of specifically 
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adsorbable anions. The samples were prepared as described for the titration 
curves. After measurement of the equi!ibrium pH, the solid phase was 
separated by filtration through a 0.45pm filter, and the remaining concen- 
tration of the anion was measured in the supernaknt solution. 

F- was measured dire&y in the suspension with an F- selective electrode; 
SOi- was measured by the methyl thymol blue method [I71 ; acetate was 
determined by gas chromatography. Because of small differences in concen- 
tration, the extent of adsorption could not be measured very precisely; sXcate 
was determined by the molybdate blue method (adsorption at 660 nm); 
phosphate was determined by the molybdate blue method; the absorption 
was measured at 700 nm. 

The adsorpticn of i’luoride at a constant pH (=6) was measured as a function 
of time. After allrlut five minutes the equilibrium concentration was nearly 
reached. The adsorbed quantities can be desorbed in the same time by raising 
the pH of the suspension. 

The adsorption of phosphate is a slower reaction. A reasonably constant 
concentration is reached after about 48 h; this concentration is taken as the 
equilibrium collcentration. A very slow reaction, especially at high pH values, 
is still going on after three weeks, giving some hints that after the adsorption 
step a new phase may be forming on the surface. 

THEORY AND DATA EVALUATLON 

In the made1 developed by Stumm et al. [l] and Schindler et al. 131, the 
specific adsorption of cations and aniuns is described as a surface coordination 
reaction in which cations substitute H+ in the surface-OH groups (eqns (3), 
(4)) and anions bind directly to the metal ions of the metal oxide surface by 
replacing OH- (eqns (6), (6)). The free energy of the surface coordination 
reactions, as we!& as the acid-base prope@ies of the surface OH-groups, are 
described with CL aat of equilibrium constants (Table 1). 

These equifibriurn constants were determined by measuring at various pH 
values and solute concentrations the extent of adsorption (surface coordina- 
tion). The extent of adsorption can also be detirmined by comparing dkali- 
metric (or acidunetric) titration curves obtained in the presence and absence 
of the specifically adsorbable species (Tables 2 and 3). 

On the basis of some evidences considered later, it is postulated that 
specifically adsorhed ligands are bound direMy to the surface (Wmer sphere 
complexes”); thus, these Iigands are assumed to contribute to the surface 
charge in the same way as H* and OH- ions bound to the surface. 

The surface charge and thus also the pH of the isoelectric point (pH&& 
and its disp!AcerRent by specific adsorption can be determined directly from 
ihe ii:iation cume (which gives that portion of the charge caused by the 
proton balailce at the surface) and the extent of adsorption (which gives the 
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TABLE 1 

Frotolysis and iigand exchange equiiibrf of u-FeOOH 

=FeOHs* 
=FeOH 
=FeOH+F- 
=FeOH+SO: - 

z=FcOH+SO~ - 
=FeOH+HAc 
=FeOH+H,SiO, 
=FeOH+H,SiO, 
=FeOH+H,PO, 
=FeOH+H,PO, 
=FeOH+H,PO, 

2=FeOH+H,PO, 
2=FeOH+H,PO, 

-- 
=FeOH+H+ 
=FeO-+H’ 
=FeF+OH- 
=FeSO;+OH- 
=Fe,SO,+20H- 
=FeAc +H,O 
=FeSiO,H, +H,O 
=FeSiO,H;+H,O’ 
=FePO,H,+Ef ,O 
=FePO,H-+H,O* 
=FePO:-+ZH*+H,O 
=Fe,PO,H+2H,O 
=Fe,PO;+H++2H,O * 

Intritlsic constanta 
(22%) tog K 

- 6,4 
- 9,26 
- 4.8 
- 5.8 
-13.6 

2.9 
4*1 

- 3.3 
9.5 
6.1 

- 1.5 
8_5b 
4.5 

(1) 
(21 

:I; 
:z; 
:i; 
(9) 

(10) 
(11) 
(12) 
(13) 

aEquitibrium constal&sare defined as forexnmple: 

All concentrations are given in mol dm-‘. 
bBidentate equilibria are defined =s: 

K= 
[=Fe,PO,H) 

[=FeOHJ [H,PO.] - 

charge caused by the bound anions) (Tables 2 Exd 3) 

00 = ( {=MeOK~+ ) - {=lUeO-} - C (=MeA? ; ) -+ (7) 

(Jo = F(l?H -- IPoH - (2 - l)r*z-) (81 

where F is Faraday constant (C mol”), l?u, I’ ow and I?*z-- are the adsorption 
densities (mol m”) of H’ (and its complexes) of OH- and of the deprotonated 
anion, respectively, E {=hfeAz-) is the equivalent sum of ligand bound to th? 
surface;S is the specific surface area m* g -‘; the concentration of surface 
species (e.g., {=MeOEfI+), (=hfeO- ) , {=hfeA-) are given in moi g-‘. (The con- 
centration oE surface species may also be expressed in mol per dmf solution: 
if no bidentate complexes are formed, equiIibrium constants are independent 
of the choice of the units for the surface complexes+. 

*In a bidentate reaction (6). the conrtant may be expressed as: 

R_ [=Me,A] [OH-J* 

[=MeOHlm [AZ' J 

m = 2 would mean that the formation of a second b0l.d may occur with every other OH 
group. 
m = 1 means that only o.re possibility of a second bond exists. 
1 < m < 2 would be realhtic;m = 1 was used in the calculations. 



TABLE 2 

Dirplacement of titration cuwe 

Afl concentrations. aho those of the surface species. are given in mol dm”; concentrationa 
with a l are there in the presence of rpecifically adsorbabfe speebs. 

Charge balance in absence of :F* ] : 

CA- CB -_CH*l + [OH-J = [=_FeOH,*J - [=FeO-J 

Charge b&awe in prwznce of adsorbed [F-J : 

l C, -- l L’B --(He] + [OH-J - (CF-JT - [F-J) - l C=FeOH,*l - l [sFeO-1 

where [F-)T - [F-J = [SFeFJ 

(1) 

0) 

Mass baknce in presence of [FJ : 

[=FeOHJT = l [=FeOHJ + *IsFeW] + *[=FeOH,+l + [ZFeFJ (3) 

Degree of protolysis: 

*ccq = - 
[sFeOH,*l c [SFeOHl 

([=FeOHJT - [aPeP]) Q’ p ([=FeOHlT - [SFeFJ ) 

*Ql = 
bFeO_1 

([~FeOli]~ - [=FeFl) (4) 

TABLE il 

Equations used in calculating the equilibrin conetanta for the interactiolr Wth H,SiO, 

Concentnxtions given in { ) have the units mot kg-‘- a e quantity of oridn used (kg dm”). 
--*.- 

LGF~QH]~ p [=FeOHtJ + [=FeO-l + [sFeOHJ + [=FeH,8iO,J + [=FeH,8iO;l 

[H,8iO,JT *= [H,SiO, J + [H,SiO;J + [=FeH,SiO,J + [=d?eH,SiO; 1 

8 = {=FeOM: ) - {=FeO- ) - {=FeH,SiO;) [mot g-* J 

One 0btaGu after rearrangement: 

(1) 

(2) 

(3) 

G=P~?=[=FEOHJ [H*l KG ---- 
Ka: W’l 

[ma, I-n J 
(4) 

W,diO.,lT - [H#iO,J - [H,giO;l = [=FeOH? (< IH.Si0.J + e [H+SiO,J l W*l -I) (5) 

[=FeOHJ = (FeOiiJT - [=FeH,SiO,J - [=FeH,SiO~J) 1 +s)-’ @I 



107 

It is evident from this relation that the isoelectric point pWeP for which 
u. = 0, is shifted by the adsorption of anions (cf. [ZO] ). The surface charge a0 
is compensated by ions of opposite charge in the Stern an< diffuse Iayer. The 
specifically adsorbabIe species are typicall> presnt in a much smalIet concen- 
tration than the ineti electrolyte ions, so that only a negligible part of them is 
located in the diffuse layer. 

Equilibrium constants for the surface interactions may depend on the 
surface charge because of the electrostatic influence of the charged surface 
groups in the interaction with ions. In the presence of an excess of inert 
electrolyte, a linear relationship between log K and u. is typically found: 

log KS = log K” (intr.) f b a0 (9) 

where b is the slope. 
By extrapolating to u o = 0, an intrinsic equilibrium constant K? (in&.) is 
obtained. The linear regression (eqn. (9)) impIies that the capacitance, C, wh!ch 
gives the proportionality between surface potential @o and surface charge, 
C = oa/Glar is constant. Equation (10) can also be written as 

bg KS = 106 P (intr.) + -- 
2.3 RT 

RESULTS 

Acid--base properties of a-FeUUH 
Figure 1 gives the surface charge as a function of pH. It is calculated 

the alkalimetric titration curve as 

uo = ( {CrCieOHf } - {=MeO- ) )s = (CA - Cu - CH’I + [OH-] ) 5 

(10) 

from 

(11) 

where C’ and t& are the concentrations of strong acid and base (mol dm-j) 
added, respectively, and a is the concentration of FeOOH in the suspension 
(g dme3). 

The dependence of pK values on the charge is given by*: 

p#& = 6.40 - 7.2 u. (12) 

pK& = 9.25 - 4.4 u. (13) 

The pH at zero point of charge and the values of the acidity constants are 
slightly dependent on the metho;d by which goethite was preparc& Most 

l UnIy the diffe: xe hetaeen positive and negative groups P measura!~Ie; it is not pasribIe 
to dffinguth between them, For the calculation of acidity conatenta it P lurumed that 
onIy =lKeOH~ Ia present in the acid part of the titration curve and only ==lUeO- in the 
alkaline put- Th& auumpffon is jrutifZed if the difference ApK = pE& - p$, is large 
enough 
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Pig, 1. Surface charge as a hnc:ton of pH. The surface charge Is ca!culaLed from alkalimetric 
and acidimetrk titration cwves (eqes (7). <S)b. 
The supporting ekctcolyfe h 0.1 M NdXO,. 

likely several kinds C& OH-groups may exist on the goethite surface (e+g., on 
edges or faces); the measured titration cures reflect an average over these OH- 
groups. The pmpar&ioil of the goethib sample may affect the repartition of 
these OH-groups and thus the acidity constants. 

FIuoride 
The shift in the titration curve (Fig. 2) caused by the surface eoordination 

of F- (=FeOH + F- 2 =FeF + OH’) is Mated to the qua.utiQ of F’ bound as 
shown in Table 2. 

The plot of the function AC/(1 + o2 - aO) vs. [F’] bound to the surface 
gives the number of OH- reIeaseci per bawd F’ (Fig. 3b). The slope of 1 
indicates that P- is stoichiometically exchanged for OH’ and that only mono- 
dentate surface complexes are formed. In Fig. 3a experimental data on F’ 
binding are compqed with curves calculated with the exptGmentaUy 
determined equilibrium-consta.t+s (eqn (3). Table 1). 

Titration o$ a-FeOOH in the presence of sulfate results in a similar shift as 
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0.6 Q4 -+-- 0 0.2 0.1 

CA ~~xOl/lI C0 

ACID BASE 

Fig. 2. The specific adsorption (surface coordination) of F- causes a displacement of the 
titration CUN~ for or-FeOOH from which the extent of adsorption and the resulting surface 
charge can be calculated. 

Fig. 3. (a). Extent of specific adsorption of F- on a-FeOOH. Curves were carc4ated from 
the experimontalIy determined equilibrium constant (eqn (3). Table 1). Points an= ?:peri- 
mental. 
(b). Plot of the displacement of the titration curve (corrected for protatysis) versus the 
concentration of F- adsorbed (cf. eqn (g), Table 2). The slope of 1 indicates that mono- 
dentatirurface complexes only are farmed. 
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CA Imnlol-Pl CB 

ACID BASE 

Fig_ 4, The ti32. :ement of the titration curve of &UlOH caused by the rpccific 
adsorption of SO,% -. 

in the presence cf fluoride (Fig. 4). Two reactions are likely: 

=&OH + SO1z- z GFeSDa’ + OH’; G 

=FeOH + SOaz’ 2 ‘Fe&O4 + ZOH’; s”, 
The dkp!zcement 03 tht: titration curve (cf. Table 2) aliows the calculation 

of &-FeSD1’] and [=FelSOJ and of the constants fl and flf (Table 1). 
Constants calculated with these very simplified awumptions have a strong 

dependexe on surface roverage; adsorption as calculated from these constants 
shows a not very good agreement with the experimental data (Fig. 5). 

Siiica Ce 
H4Si04 is conside.red as a diprotic acid in the pH range of the experiments. 

The titrations of a-E’eOOH in the presence of silicate are shifted to lower pH- 
vahzq indicating a rebase of H* due LO partial deprotonution of the 
adsorb4 species (Fig. 6). The formation of =E%H1Si04 and =FeHtSi04- is 
taken into account [(7,8) in Table 1). 

Table 3 illustrates how the equilibrium constants - as given in Table l- 
were ca2zuIatcd from the experimental data. H&i04 is adsorbed over ;i wide 
pH range (Fig. 7), with a maximum near pH 9. 
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Fig. 5. Extent of adsorption of SO,“- on u-FeOOH. The curve is calculated from equilibrium 
con~tanb for ISO,]T e 5 X 10w4 M (eqm (4), (51, Table 1). Paintrr STP: experimenti. The 
bad fit at low pH tralues may he caused by tkie difficulties involved in asearring the effects 
of f!Q=- modified eurface tzh~rge, 

a 

6 

Far the interaeikm of phaspI~&? with ~oethite ~arkw reactions (9--13 in 
Table 1) hwsl to be taken into account. A simik+ scheme has been proposed 
by Gupta [12], Ths best set af co,nstants describing the experimental data 
was sought with the compukt* The cutves dmwn and the distributicn (of the 
speciea 88 a functian of pH obtained with the equilibrium constants (Table 1) 
are represented 3x1 Fig. 8, 

DISCUSSION 

With the h&p of the expefimentally detemimd equ4Hbrium conatanb, the 
extent of adswptian and the surface charge of the hydrous oxide can be 
pmdicimi adequatRly BP a function rsf pH +md other solution varisbles. The 
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=-FeOOH 6 98 

1.0 . 
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O- A 
3 I 5 6 7 8 9 1OpH 

Fig. ‘7. H&O, Is adsorbed specifically over a widft pH range Zxcawe two surface species 
=FeH,SiO, and =FeH,Sir),- are formed. (Lines cakulated with equilibrium constants.) 
(eqns (7). (b), Table 1). Points are erperimenta!. 

extent of adsorption and its pH_dependence can be expltiined by considering 
the affinii? =?f ‘,he surface sites for the ligands ar,d the acid-base properties 
of the surface sites and those of the ligmds. The adsorption (binding) of 
simple weak acids or their anions is Iugest around the value of pH = p&. 

As is shown by the equilibrium relationship 

(14) 
the quantity adsorbed (@MeA] ! will be highest when the product [ShfeOHJ 
(HA] is at a maximum. This wili often be around the pK vaXue of the acid as 
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Fig. 8. (a). Phoaphste adsorption on a-FeOOH. tines computed with the heIp of equilibrium 
conatants (eqns (9M13), TahIe 1). 
(b). Distribution of phosphate surface species as a function of pH. 

has been found by many authors [4,&l& 191. Because =MeOEi is a dominant 
species over a broad pH range, the adsorption wiII extend over a wide pH range. 
Weak acids with several protons adsorb ov~+r a wider pH range, 

The specific binding of ligands to the goethite surface is accompanied by a 
change in the proton baIance at the surface. In the case of F- and Sod’- a 
simple stoichiometric relationship between OH’ reIeased and ligand bound 
exists; this relation&hip is more compiicated for the specific adsorption of weak 
acids because these bound ligands can become at least partly deprotonated. 
Information gained from the proton balance at the surface (binding of H* or 
i& complexes minus binding of OH-) obtained from alkaiimetkic or acidh.ietric 
titration and from the anaIyticaI determination of the extent of ligand 
adsorption permits to estimate whether in a given pH range pretonated or 
deprotonated ligands are adsorbed. 

Two kinds of observations in this study indicate the formation of inner 
sphere compIexes at the a-FeOOH surface: 



Fig. 9. Comparison OC the tendency to form surface complexes (K:.’ eqn (16)) with that 
to form solute complexes (h;, eqn. (15)). 

1. The surface comphx formation constants show the same trend in stabili- 
ty as the corresponding :rotute complex formation. In Fig. 9 the complex for- 
mation constants in solution 

KI = WeAl &(CFeOHf J aq WAJ 1 WI 
arrz compared with the Iigand exchange equiIibrium constii~t for the surface 
reaction 

G* = [=FeAJ /( J=FeOHJ [HA] ) (16) 

Despite the relatively huge error range for the surface constants, It is obvious 
that the complexing tendency is similar at the surface and in solution. The 
same relationship between lag K, and log K,*’ has been found by Ksrmmert 
for the bindin; of arGz_w&ic acids on r-AlZ03 [ZOJ . The relationship between 
the coordination in soIu5on and at oxide surfaces can be utilized to estim&e 
surface coordination eqtu%rium constants (eqns (US), (16)) from the 
corresponding complex formation constants in solution. Thus, for example, 
CI’ is found not to a&orb specificaLjr [S] at the surface of a-FeOOH, this is 
in accord with the relatively weak (e.g. in comparison with F-) tendency of 
Cl- to form chloro-FetIII) compIexes in solution. 

2. The coordinating surface, i.e., its metal Lewis acid enhances the de- 
protonation of the surface species. If the adsorbed species were separated from 
the metai ion by one or two water molecules, the surface could not exert such 
a significant lowering of the acidity constant of the adsorbed species. Table 4 
compares the acidity constants of the surface species with those in soIution 
where such a comparison is possible. 

The complex FeH,SiO,+ (ao) does not exist in solution, so that the acidity 
constant pa3 is compared tith the Mg** and Ca’+ complexes. 

The uaIue of the acidity constant found from =FePO.Ht is situated be- 
tween the one for HZPOa- (aq) and the pR, of FeH2P0,z’. This seems 
xeasonable, as the binding of HIPO~- to a =Fe* belonging to the surface must 
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TABLE 4 

Comparison of acidity constants of surface complexes and sohte comptexes 

Constants for soMe compfexes are from [13J. 

=FePO,H, 
=FePO,H’ 
=Fe,PO,H 
Fe(III)H,PO,**(aq) 
MgH,PO.* (as) 
Fe(II)Ji,PO,*(aq) 
=FeSiO, H, 
MgH,SiO,*(aq) 
CaH,SiO:(aq) 

=FePO,H- + H’ 
=FePO:- + H* 
=Fe%PO,’ + II* 
FeHPO,+ (aq) + H’ 
MgHPO,* (aq) + H* 
FeHPO,“(aq) + H* 
=FeSiO,H,- + H* 
MgH,SiO,*(aq) + H’ 
CaH, SiO,O(aq) + H* 

- 4.4 
- 6,6 
- 4.0 
- 2.4 
- 6.96 
- 6,3 
- 7.4 
- 9.17 
-10.0 

favor the proton dissociation; on the other hand =Fe has less influence than 
Fe3*, as its charge is partly compensated by the binding in the crystal structure. 
ppal may be compared with pfCal of the silicic acid; Mg*+ and Ca** have a 
weaker effect than =Fe. but one can suppose that Fe3* would influence more 
strongly the pK, of H,SiO,-. Kummert [ZO] found similar relationships for 
organic acids at ths aIuminium oxide surface. 

Direct (inner sphere) bindine of ligands to the surface i~as been postulated 
from intied absorption measurements on dried oxide surfaces treated with 
sulfate, phosphate and other ligi\n& 1211, but no method allowing the reliable 
measurement of XR spectra in aqueous media is known, 

With regard to inner sphere coa:p!exation of SO,*-, our findings may appear 
to be at variance with those of Yates and Healy 1141 who hypothesize on the 
basis of comparing the extent and rate of adsorption on goethite and ar-chromia 
tirat SO.*- is not significantly involved in direct exchange with =FeOH groups. 
Because of the difEcuIties we experienced in fitting the SU4*- adsorption data 
in terms of a surface complexation equilibrium (Fig. 5), our experimental evi- 
dence is not sufficient to contradict this hypothesis.* 

IMPLKCATIONS FOR NATURAL WATERS 

Aset of surface equilibrium constants permits the estimation of the surface 
speciatioit of an oxide in a natural water of a given composition. TabIe 5 gives 
the calculated surface speciation and surface charge for goethite equilibrated 

l lnitZal adsorption of SO,‘- at small SO,*- concentrations (C lO’s M) causes -as noted 
by us and bl Yates and HeaIy [14J and (for the adsorption of SOas- an hematite) by 
Breeuwsma and Lyfclema [22J - a small increase in the pH of zero point of charge (zero 
proton balance at the rwface); but upon further increase in [SO,** J pH_ is no longer 
nhifted. Pa~libfy. the initial SO,*- adsorption is rpecific (e.g.. at the edges of the goethite 
sufla63). Subsequently, at higher concentrations, SO,‘- behaves like an indifferent 
etectroiyte. 



TABLE S 

Speci.xtlon of the goethite surface in a natural take water (approximated calculation) 

(=F~UH~T = 1 l IO’* ma1 1-l (= 1 l IO“ gl-’ with {=FeOH)= = 1 l lo-’ mol g’a). 

pH = 7.5. 
Q = -2-S l IO-’ ma1 l-* * -5 l LOes mol g-l. 
The constants for KCO,-. Ca’* and Pb** are estimated. 

______I_- ___.--.---.__---_ .-_-- -p 

X CT Surface tog &tr. [=FeX J % 
[ma1 I-‘) species (ma1 1-8) (=FeOOHjT 

- - 
- =FeOH - 2.6* lo-’ 25 

H+ 3.2. 10-a =FeOH: -6.4 16.10-’ 16 

s”oa- 
4.9- 10-3 =FcO- -9.25 5.5*1r,-‘0 O*OS 

H$O, - 
l-lo-‘ = FeSO; -5.’ 1.F. LO’” l-lo-’ 
1.1w =FeHPO; 1.: 3.5*10-’ 3s 

H.SiO, &lo-5 =FeH,SiO, i.ri*lO“ 15 
=FeH,SiO; -z 2 8,. z9-a 2 .c 

Hco; s*10-’ =FeCr): 2.S 4.99 lo-’ 4.9 
nrp 2-10-4 =FeOM~ -6.2 7.8~ 10 -’ 0.8 
Ca’+ 1*10-’ =FeOCa+ 7 4.9*10-‘0 0.05 
Pb’+ l-10-’ =FeOPb* 1; 4.9* lo-‘* 0.0s 

____-~-____ _-_-_ -- 

with the inorganic components of a fresh water &ke. The simultaneous 
equilibria have been resolved with an iterative compuizr program that con- 
siders the charge dependence of the equilibrium constants. Table S shows that 
the surface sites of a. FeOOH will be preponderantly occupied by phosphate 
and silicate although these species are present in very small concentrations in 
the water. These speniea will also to a large extent determine the negative 
surface charge of a-FeOOH at the pH of the natural water. A molce realistic 
model of a natural water has also to consider the adsorption of organic matter 
(231 and might have to take into account the formation of ternary surface 
complexes 124,ZS). On the basis of the equilibrium constants given by 
Kummert for organic acids on r-AlaO,, we estimate that, in the concentration 
range of organic acids of 1-3 X 10ds M, ca. 10% of the surface sites may be 
occupied by bound organic acids. This fraction may, however, be higher in 
nature because soluble poIar organic substances are present in polymeric form 
(fulvic acid). The results of the calculations illustrate that oxides or oxide 
hydroxides of Fe(W) ate an important sink and regufating factor for phos- 
phate and silicate [26]. 
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