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Abstract—Auvailable surfa@ complexatiom modek for birnessie requirel the inclusion of bidentae bonds or
the adsorptim of cation-hydroy complexs to accoun for experimentaif observel H*/M™" exchange.
Thes modek contan inconsistenciearnd therefoe the surfa@ complexatim on birnessie was re-examined.
Structuré da@ on birnessie indicate that sorptian sites are located on three oxygers arourd avacang in the
octahedrhlayer. The three oxygers togethe carly a charg of —2, i.e., constitue a doubly chargel sorption
site Therefoe anew surfa@ complexatiom mode was formulated using adoubly chargeddiprotic, sorption
sitewhere divalert catiors adsorbimg viainner-spheg complexe bind to the three oxygens Using the diprotic
site concep we hawe remodele the experimenthdata for sorptian on birnessie by Murray (1975 using the
surfa@ complexatio modé of Dzomb& and Morel (1990) Intrinsic constars for the surfae complexation
modé were obtainel with the non-linea optimizatian progran PEST in combinatia with amodified version
of PHREEQ (Parkhurst1995) The optimized modé was subsequengltestal agains independendata sets
for synthett birnessie by Balistriei and Murray (1982 and Waryg et al. (1996) It was found to descrite the
experimenthdat well. Finally the modé was testel agains the resuls of colunm experimersg where cations
adsorbd on naturd MnO,, coatal sand In this ca as well, the diprotic surfa@ complexatiom modé gawe an

excellert descriptio of the experimenthresults Copyright © 199 Elsevie Sciene Ltd

1. INTRODUCTION

The manganes oxide birnessie (6-MnO,) has been exten-
sively studial for its ion exchang properties (Buse and Graf,
1955 Murray, 1975 Loganatha et al., 1977 McKenzie 1980;
Golden et al,, 1986 Tsuj et al., 1992 Le Goff et al., 1996;
Waryg et al., 1996 Silveste et al., 1997) Its cation exchange
capaciy increass almog linearly with pH over a range from
pH 3 to 7.5 (Murray, 1975 Balistrieii and Murray, 1982) and
the exchang coefficiert for proton/alkai cation exchang in-
creass ove ordeis of magnitue as pH increass (Tsuji et al.,
1992) This behavio is not easily capturel with the classical
ion exchang formulas which assune constam exchang ca-
pacity and exchang coefficients and requires adapte formu-
las (Tsuji et al., 1992 Tanaka and Tsuji, 1997) The surface
complexatim mode| which includes pH-dependencharg of
the exchangeris a more appropriaé mode to descrite ion
exchang on birnessiteand it has been applied in various forms
by Balistriei and Murray (1982) Cats and Langmur (1986)
ard Smith and Jenre (1991).

However the surfae complexatim modek presentd in
thes various studies are not compatible In addition the mod-
els contan severé inconsistenciesTo accout for the experi-
mentally observel H/M™* exchang and to maintan negative
charge on the oxide, Catts and Langmur (1986 and Smith and
Jenre (199]) included sorptio of cation-hydroy complexein
their surfa@ complexatim modek for birnessite As already
pointed out by Balistrieii and Murray (1982) the formation of
cation-hydroy surfae complexs is questional# becaus the
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adsorptio of alkaline earth metab occuis well below the pH
range of hydrolysk of the ions Therefoe Balistriei ard Mur-
ray (1982 included adsorptim to bidentae surfa@ sitesin their
model However the bidentae modd used and originally
proposel by Davis et al. (1978) contairs the peculiariy that
the stoichiometre coefficien for the sorptim site is different
in the mass balan@ than in the mass action equatio (Davis
and Leckie, 198(Q Balistriei and Murray, 1982 Waite et al.,
1994).

The coordination of the structurd oxygers in the crystal
structueisimportar for the bord strengh of surfae complex-
ation of metd ions (Spositg 1983 1984 Davis and Kent, 1990;
Hiemstia ard Van Riemsdijk 1996 Venenaet al., 1996) But
so far the crystd structue of birnessie has not been considered
in publishal modek of surfa@ complexation (Balistrieii and
Murray, 1982 Catts ard Langmuir, 1986 Smith and Jenne,
1991) Recenty more detailed information has becone avail-
able concernig the structue ard the properties of the sorption
sites on the birnessie surfae (Pog ard Veblen 1990 Manceau
et al,, 1992 Silveste et al., 1997) Dritset al. (1997 repot that
in more oxidized birnessite a sorptian site consiss of three
oxygers arourd avacang in the octahedrhlayer, carrying a
charg of —2 (i.e.,, adoubly chargel sorptin site).

On the background of this new structur& information and
becaus of the dissatisfactor aspecs of earlia surfa@ com-
plexaticn models we hawe re-examind surfae@ complexation
on birnessite A new surfae complexatio modd was formu-
lated using doubly chargel sorptian sites and the modd was
testal again$ availabk experimenth data The aim of the
preseih work is to obtan a consisteh and more generally
applicabé modée for sorptian of catiors on birnessite.
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Fig. 1. The structure of chalcophanite (after Wadsley, 1955): pro-
jection alongb (top) and alongc (bottom) axis. Reproduced from
Strobel et al. (1987).

2. CATION ADSORPTION AND THE STRUCTURE
OF BIRNESSITE

Various evidence suggests that the basic structure of birnes-

site is similar to that of the mineral chalcophanite (Giovanoli et
al., 1970a; Burns and Burns, 1979; Post and Veblen, 1990;
Drits et al., 1997). Chalcophanite, 4MnO, ] - 6H,0, con
sists of layers of edge sharing Mg@ctahedra which alternate
with a layer of water molecules (Wadsley, 1955; Post and
Appleman, 1988). One out of seven of the Mnpositions is
empty (symbo[lJ in the structural formula), which gives a layer
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either goes into the interlayer, becomes oxidized, or dispropor-
tionates to MA™ and Mrf™ (Giovanoli et al., 1970b; Silvester
et al., 1997). The disproportionation of 2 Mnatoms to Mit*

and Mrf" creates a vacancy in the octahedral layer, while
Mn?* goes into solution or into the interlayer.

The amount of water present in the birnessite crystal lattice
depends on the ambient conditions (temperature, humidity) and
on the interlayer cation (Paterson et al., 1994; Kuma et al.,
1994). With either 1 or 2 layers of water molecules in the
interlayer region, the c-axis spacing of birnessite is 7 or 10 A.
Na-birnessite (buserite) has a 10 A spacing in water, which
decreasesot7 A upon drying. The process of contraction and
expansion is reversible, although after numerous cycles, water
uptake tends to become incomplete (Giovanoli et al., 1970a).
Other alkali elements likewise give7 A structure upon drying
while Mg?*, C&* and N#" forms maintain the 10 A spacing
(Golden et al., 1987; Kuma et al., 1994; Le Goff et al., 1996).
Transition metal cations can also stabilize the 10 A spacing
(Golden et al., 1987; Giovanoli et al., 1975). Paterson et al.
(1994) observed that, when measured wet, Na- and Ca-birnes-
site maintain the 10 A spacing, while'kand B&" contract to
7 A. The effect of the various cations on the c-axis spacing
must be related to cation sorption in the interlayer.

The Zn atoms in chalcophanite are associated directly with
structural oxygens (Wadsley, 1955; Post and Appleman, 1988).
Post and Veblen (1990) also found that #gis close to the
structural oxygens in birnessite, but did not observe electron
densities at the same location for Na- or K-birnessite. Silvester
and colleagues (1997) noted corner (triple) shared Mn-O bonds,
indicating that MA™ or Mn®" in the interlayer was associated
with structural oxygens. With EXAFS, Manceau et al. (1992)
also found that transition metal cations were connected with
oxygens at vacancies in the MgGtructure.

The structural information indicates that the sorption sites on
birnessite are located inside the layer structure, as is the case for
a layer-silicate such as smectite. Compared to smectite, the
charge on the sorption sites on birnessite is much higher be-
cause it originates from a vacancy or charge deficiency in the
direct coordination sphere of the structural oxygen, while in

charge that is compensated by 2 Zn atoms located above andsmectite it originates from charge deficiencies further away (in

below the vacancy (Fig. 1).

The layer charge of chalcophanite-i®/7 = —0.286 per Q.
Replacement of Mh™ by Mn®" can create additional layer
charge, to give a maximum of —0.33 per Q in birnessite
(Strobel et al., 1987; Drits et al., 1997). In fact, Post and Veblen
(1990) and Dirits et al. (1997) found that vacancies were almost

the octahedral layer). The sorbing metal ions coordinate di-
rectly to structural oxygens in birnessite (inner-sphere bonds),
while in smectite they are midway in the interlayer region. The
sorption sites are readily accessible for solute ions because the
interlayers in birnessite contain two (or for the less hydrated
cations, one) layers of water molecules. A diffuse double layer

absent in their synthetic Na-birnessites, and all the layer charge may exist outside the crystals, but it is not present in the usual

thus originated from replacement of Kinby Mn**. Both the
degree of oxidation of Mn and the layer charge are influenced
by the procedures used for preparing birnessite (Bricker, 1965;
Giovanoli et al., 1970a; b; McKenzie, 1971; Murray, 1974).
Preparations based on MpGsolutions yield more oxidized
birnessite with an O/Mr>1.90. Balistrieri and Murray (1982)
found an O/Mn ratio of 1.96 in their birnessite and cation

sense in the interlayer region which is wr@ A thick.

The layer charge of birnessite originates from vacancies in
the octahedral layer, or from M that has replaced Mii. An
oxygen at a vacancy is coordinated to 2 ‘Mrnwhich provide
2 X 4/6 = 1 1/3 bond valence (Pauling, 1960; Hiemstra et al.,
1989; Bleam, 1993). Each oxygen has therefore an excess
charge (not compensated by structural metal ions in the octa-

exchange mainly results from the presence of vacancies. Otherhedral layer) of 2/3. The three oxygens around a vacancy have

preparations, which start with a Mn(OjHolution or with solid
Mn,O, (Bricker, 1965), initially yield a mixed M#&'/Mn**
compound in which Mfi" can be enriched by washing with
acid. Acid washing attacks M that is in a relatively weak
structural position due to Jahn-Teller distortion. The 3¥n

together an excess charge of>3 2/3 = 2 which can be
balanced by 2 protons or a doubly charged cation in the
interlayer. When the layer charge arises from>Mrin the
structural layer and because Rfhoccupies rows in alternation
with two rows of Mrf" in the ideal type Il birnessite (Drits et
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al., 1997) oxygers arourd a Mn®* site are coordinate to 2
Mn3* ard 1 Mn** atoms The three oxygers then hawe an
exces charge of 3 X 1/3 = 1, ard only one protan or alkali ion
suffices It is thus importart to know whethe the layer charge
of the birnessie has been createl by vacancis or by Mn®*/
Mn** replacement.

3. SURFACE COMPLEXATIO N MODELS

Surfa@ complexatim modek for binding of metd ions on
oxide surfaces comprie both monodenta and bidentaé sur-
face complexe (Davis and Kent, 1999 Dzomb& and Morel,
1990 Stumm 1992 Stunm and Morgan 1996) For a mono-
dentaé surfa@ complex the reactio is:

=SOH + M™ = =SOM™ D+ +H*, (1)

Here M™* is acation tha forms amonodentat complex with
a surfa@ =SOH For bidentaé complexatim where two sep-
arat ligands (moietieg areinvolved, the formation of asurface
comple is formally written as (Schindle et al., 1976):

2=SOH + N™ = (=SORN"2* + 2H", ()

Here N"* is acation tha forms a complex with 2 =SOH
adsorptim sites The correspondig mas action equatia is

Kint = &(=sopne-2+ a’y: az(ESOH) Ayney (3)

wher K., represerd the intrinsic constanh ard a; indicates
activity of species i (dimensionless)However Balistrieii and
Murray (1982 used a modification of the bidentaé model
which was originally advancd by Davis and Leckie (1980):

(=SOH), + N"* = (=SO)LN""2* 4 2H* (4)
with the mass action expression
Kint = &(=sopne-2+ a’y / A(=s0H), Ann+- (5)

In the mass action law (Eqn 5) the activity of the surfae site
has an exponen of 1 but in the mas balane for surfae sites
it has a stoichiometre coefficiert of 2. This versian of the
bidentaé modé with a different stoichiometrt coefficiert in
the mas balane than in the mas action equatian (Davis et al.,
1978 Davis ard Leckie, 1978 Balistrieii and Murray, 1982;
Waite et al, 1994 is somewhé&awkwad and thermodynami-
cally unsatisfactory It also requires an uncouplirg of mole
balancs in geochemichmodes as is permittad in FITEQL or
PHREEQC However in the origind bidentaé sorptian model
of Schindle et al. (1976 (Eqns 2 ard 3) the coefficiens are
corret and equa in the mas balane and mas action equation.

The bidentaé bonds on asolid surfa® as describe by Eqn.
4 correspond to 2 fixed sites close together ard Eqn 4 in
reality describe sorptin at a doubly chargel site which may
be written in aformally more corre¢ way. As describée in the
previous section the structuré data on birnessie indicates that
the 3 oxygers surrourd a vacany with a charg of —2. Ac-
cordingly, a doubly chargel multi-oxygen adsorptiam site can
be formulated as follows:

=SOH, + H* = =SOH; (6)

=SOH, = =SOH + H* 7)

=SOH = =SC +H" (8)
=SG + M™ = =SOM™ * (9)
=SOH™ + M™ = =SOHM™ D+ (10)

The notation =S~ with atotd charg of —2 indicates here
that the mode is for the 3 oxygers arourd avacang in the
octahedrhlayer. Adsorbirg metak bind via inner-sphee com-
plexes to the 3 oxygens The associatia reactiors represented
by Eqns (9) and (10) are in fact similar to complexatia of
metd ions to diprotic acids sud as H,CO; ard H,SO,. By
analogy we may cal the active sorptim site in birnessie a
diprotic site.

4. DERIVATIO N OF THE SURFACE
COMPLEXATIO N MODEL

PHREEQC (Parkhurst1995 was usel in conjunctian with
the non-linea leag squars paramete estimatim program
PEST (Watermak Computing http://www.pest.gil.com.au/in-
dex.htm) to obtan a surfa@ complexatio mode for birnes-
site PEST hes the advantag over FITEQL (Westall 1982),
which has been usal in mog othe studies tha any numbe of
parametes can be optimized (less or equa to the numbe of
observations) PHREEQC contairs the surfa@ complexation
modéd of Dzomb& and Morel (1990) In thismodéd the activity
of the surfa@ speciesi, is equd to the concentrationm in
mol/kg wate (Dzomb& and Morel, 1990) The tacit assump-
tion heren istha the standad stae for asorbel specisisequal
to the standad stae for a solukeion, i.e., an ided solution of 1
mol/kg wate (Appelo and Postma1993) Howeve when both
monodentat and bidentaé surfa@ complexs are considered,
this definition of the standad stat of sorbel specis gives
incorrec resuls as illustrated below. Reactios 1and 2 can be
combinel cancellig =SOH:

2 =SOM™ V" 4+ N™ = (=SOLN"* + 2 M™, (11)
which gives the mas action equation:
Kint = a(ESOkN(n 2)+ asz\ /aZESOM(m yrann+ . (12)

Using astandad stak of 1 mol/kg wate for surfae specisand
for simplicity assumig tha the activity coefficiens for the
soluke specia are the same this is numericaly equivalen to:

Kew = M=sopnn-2+ rnsz+ / I'T]ZESOM(m—1)+mNn+. (13)

Equatin (13) has an artificial effed demonstrate by the fol-
lowing imaginay experimentConside areactian vesséwhich
contairs a solution with solue ions M™" and N"" and a
sorbirg solid in equilibrium with that solution Now add more
solid with exactly the sane surfae composition This changes
the ratio m_soyne-2+/ m?_somm+. But accordig to Eqgn.
(13), it mug at the sane time alter the ratio mém+ / mye+ in the
opposie direction Thus the solue concentratioa would
chang in the containe when more of a solid with exactly the
sarre equilibrium compositiom is added which is obviously
incorrect.

This artificial effed is absenif the standad stae for sorbed
specis equasthe totd numbe of sites The activity of a sorbed
specis is then definal as its fraction of the totd numbe of
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sites eithe expressé in mol/kg solid (Schindle et al., 1976;
Spositg 1983 or as the mole fraction of sorbel species at a
given type of site (Hiemsta and Van Riemsdijk 1996) Thus
the activity of a sorbel speciesi, expresse as mole fraction is:

a; = ny/s, (14)

where n; represergthe numbe of sites occupiel by specisi in

mol/kg solid and s is the totd numbe of sorptim sites in

mol/kg solid. Accordingly, the code of PHREEQC was modi-

fied to use mole fractiors for sorbel specis in the surface
complexatim model In addition the convergene criteria for

PHREEQC were improved and printing of outpu was adapted
to provide numbes with 12 significarnt digits which was nec-
essay for finding the corre¢ numericd derivatives in the
Marquard optimization procedue useal by PEST.

5. A DIPROTIC SURFACE COMPLEXATION
MODEL FOR BIRNESSITE

The experimens of Murray (1975 were usel to derive aset
of pH dependeh sorptian coefficients Murray (1975 used
synthetc MnO, with BET surfae area measurd to be 260
m?/g. He adda& 1 mM of CaCl,, MgSQ,, SrCl, or BaCl, to a
suspensio of 0.5 gMnO, /L in 100 mM NaCl. The suspen-
sions were titrated with NaOH from the point of zero charge
(PZQ) at pH = 2.25 to pH = 7, while taking aliquos of the
solution for analyss of cations.

The bast parametes for modelling the dat sd& are the
numbe of sorptim sites (mol/L), the surfae area (m*mol
MnO,), ard the surfa@ complexatim constantsProbabé lim-
its for the numbe of sorptim sites ard the surfae area were
estimate as follows. Using the formula weight of Giovanol et
al. (1970a) the 0.5 g MnO, /L concentratio employel by
Murray (1979 correspondto 4.2 mmd MnO, /L . Addition
of 1 mM Mn?* or CU?* sat by Murray (1979 resultel in
complee adsorptiom at pH = 7, indicating tha the numbe of
sites was large than 1 mM. Theoreticaly the numbe of sites
may vary from 0.7 mM for type | birnessie with the formula
Xo.16MNO, to 1.4 mM for type Il birnessitewith the formula
Xo.3MNO,, (Drits et al., 1997) The BET surfae of 260 m?/g
correspondto 3.1 X 10* m?mol. Two sides of the ided layer
structue of Mn octaheda are availabk for sorption and with
the unit cel surfa@ areaof a X b = 4.85 X 2.8 A% per Mn,,0,,
the surfae areais at mog 8.52 X 10* m¥mol. The= estimates
were sd as paramete bounday values To achiewe aviable
result modelling had to be performel stepwise with only a
limited numbe of parametes in eat step.

In the first step the numbe of sites the surfae area and the
deprotonatia ard complexatim constarg for Na™ and Ca*
were optimized over the pH range from 4.5 to 7.5. The number
of surfae sites was optimized to 1.12 mM (8.6 umoles/n?),
well within the theoretichrange The surfae areawas found to
be avely insensitive paramete (the jacobian is very flat), and
surfa@ area remaine constan at 3.1 X 10* m*¥mol. The
parametes calculata in this first stgp were fixed in the model.

In the secom step the constarg for sorptian of Mn?* over
the sare pH range were optimized The Mn?* sorptin con-
stans were requiral for the subsequenoptimizatian of proto-
nation and CI™ sorptian parametes at the PZC of 2.25.

In the third step the protonatio and CI™— sorptian constants
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(which are of main importane for the PZC) were optimized to
a summael charg of zemw for all surfa@ complexe at pH =
2.25 while equd amouns of Na* and Cl~ were sorbel to keep
the PZC independenof the Nad concentrationAt this low
pH, birnessie may disintegra¢ and releag Mn?* into solution
ard on to the sorptim sites (Giovanol et al., 1970h Loga-
nathan et al., 1977 Silveste et al., 1997) Therefoe equilib-
rium with birnessie was imposel at atmosphed oxygen pres-
sure and the Mn?* sorptian constars obtainel in the second
step were used Actually the protonatian and ClI~-complexation
constarg were alread usal in the first step Iteration was
therefoe necessarafter stgp 3. When all of the variables from
steps 1-3 were included at once in the mode| the optimization
failed to converge However one iteration was sufficiert and
yielded only minor changs in the values of the parameters.

In the fourth step the sorption dat for the alkaline Earth
metd ions were optimized as given by Murray (1975 in
mol/n? X 10°. Only the specificaly bourd ions were included,
without doubk layer contribution.

The variows surfa@ complexatim modek were tested
agains the experimenthdatg as previousy dore by Bradbury
ard Baeyers (1997 for smectie and Waite ard colleagues
(1994 ard Kohler and colleagus (1996 for ferrihydrite Mo-
nodentae surfae complexatio reactiors did fit the experimen-
tal dat of Murray (1979 poorly. The fit hardly improved when
‘weak and ‘strong sites were included Moreover the struc-
ture of birnessie with vacancis in the octahedrblayer sug-
gess only 1 type of sorptim site The increag of the surface
charge during sorption of alkaline earh catiors disfavored
further sorption ard the observed almog linear increag of
sorpticn capaciy for the catiors with pH could not be
achieved The inclusion of cation-hydroy complexs (Catts
and Langmuir, 1986 offers amethal to redue chargirg of the
surface but appeas dubiots for alkaline earh ions when the
pH is low (Balistrieii and Murray, 1982) A bidentaé surface
comple [reactian (2)] was tried next However it did not
provide amuah bette fit than the modé with only monodentate
speciesapparentl becaus the surfa@ comple< as awhole did
not build up negative charge when pH increased.

Finally the use of a diprotic site mode [Eqns (6)—(10) gave
a mudh bette fit than all the othe models This modd did
provide abou 1 orde of magnitueg smalle sum of squared
residuas compare to the standad monodenta comple< [Eqn.
(2)], and to the bidentae complex [Eqgn. (2)]. The optimized
constars of the diprotic surfae complexatiom modé are given
in Table 1. Figure 2 compars the pH dependenadsorptia of
catiors on birnessie predicteal by the diprotic surfae complex-
ation modé with the experimenthdat of Murray (1975 and
excellert agreemenis observe for Ca&*, Ba®*, Sr2*, Mg+
ard Mn?*. Modelled Mn?" sorptia levels off to 7.7 X 10°°
moles adsorbed/rf correspondig to adsorption of all added
Mn?" to the availabk surfae area Curiously, Murray (1975)
repors the adsorptio of 8.2 X 107° moles/nf at pH = 7.1
which isactualy more than the theoretichuppe limit. Sorption
of Mn?" was observe to be irreversibk (desorptio was in-
completg (Murray, 1975) ard our calculatiors suggesthat the
solution in the Mn?" sorptian experimenwas highly supersat-
urated with respet to birnessie arnd sore precipitation of
MnO, may hawe occurred The sorptian constang for Mn?* are
therefoe tentative Figure 3 shows pH buffering during the
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Table 1. Intrinsic complexation constants for sorption of birnessite,
using a diprotic site=SQ5 ™, optimized for data from Murray (1975).

Reaction logK
=SOH, + H' = =SOH; 184
=SOH, = =SOH™ + H* -2.41
=SOH ==SC +H" —5.54
=SQOH; + C1~ = =SOH,C1 1.44
=SQ,H™ + Na" = =SO,;HNa 1.00
=S~ + Na" = =SO,Na~ 2.03
=SO,H™ + K" = =SQHK 1.70"
=S~ + K* = =SOK" 2,73
=SQOH™ + Mg?" = =SQHMg™ 1.81
=S + Mg?* = =S0O,Mg 2.44
=SQH™ + C&" = =SO,HCa" 2.40
=S~ + C&" = =S0O,Ca 2.86
=SQH™ + SP*" = =SOHSr* 2.69
=S5~ + SP* = =SO,Sr 3.18
=SQ,H™ + Ba" = =SO,HBa" 3.97
=S5~ + B&?* = =SO;Ba 4.18
=SQH™ + Mn?" = =SQHMn™ 5.58
=SSO + Mn?" = =SO,Mn 5.98

1 Estimated from Tsuiji et al., 1992.

titration of birnessite in a 0.1 M NaCl solution and the effect of
addition of 1 mM Md™* or B&" (Murray, 1975). The lines are

predicted by the model and are generally in good agreement

Moles ads/m? (x 108)

Fig. 2. pH dependent sorption of alkaline earth ions andMaon
birnessite in a 0.1 M NaCl background solution. The concentration of
alkaline earth ions is 1 mM. Experimental data are from Murray (1975)
and lines are predicted by the diprotic surface complexation model.
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Fig. 3. pH buffering of birnessite in 0.1 M NaCl solution and with
addition of 1 mM Mg™* or B&*. Experimental data are from Murray
(1975); lines are predicted by the diprotic surface complexation model.

with the data, although the modelled line for addition ofBa
is somewhat low.

6. MODELING OTHER SORPTION
DATA ON BIRNESSITE

In order to test its general validity, the diprotic surface
complexation model (Table 1) derived from the experimental
results of Murray (1975) was tested against independent exper-
imental data sets of Balistrieri and Murray (1982) and Wang
and colleagues (1996). All three studies employed K- or
NaMnQ, solutions in the synthesis of their birnessite, which
yields a highly oxidized birnessite with layer charge resulting
from vacancies as discussed before and the results should
therefore be comparable.

6.1. Cation Sorption by Birnessite in Seawater

Balistrieri and Murray (1982) equilibrated birnessite with
seawater at various pH. Exchangeable cations were determined
by dissolving the birnessite in hydroxylamine hydrochloride
after equilibration. The synthetic birnessite used had g, pbf
1.5, and pH ranged from 2 to 8.5.

The diprotic surface complexation model (Table 1) was used
to calculate exchangeable €aand Mg at varying pH. In the
model, equilibrium with birnessite was imposed as before. The
results of the calculations are shown in Fig. 4 together with the
experimental data from Balistrieri and Murray (1982, their Fig.
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Fig. 4. Sorption of C& and Mg" on birnessite in seawater. Fig. 5. The negative logarithm of Kand C&* activities in solutions
Experimental data are from Balistrieri and Murray (1982) and lines are \here K/Ca-chloride solutions are added to a suspension of synthetic

predicted by the diprotic surface complexation model. Na-birnessite. Experimental data are from Wang et al. (1996) and lines
are predicted by the diprotic surface complexation model.

7), and show generally good agreement. At low pH, modelled

values for sorbed concentrations level off too early because the measured pCa values are very small and may be in the range
birnessite synthesized by Balistrieri and Murray (1982) had a where the ion-selective electrode loses its sensitivity.

lower PZC and therefore adsorbed more cations at low pH than  Sorption is strongly influenced by the way the birnessite is
the birnessite used by Murray (1975). Modeled Nadsorption prepared. These influences are easily calculated with PHRE-
(not shown) is higher than measured by Balistrieri and Murray EQC, and such calculations may be worthwhile for indicating
(1982). The deviation is possibly an experimental artefact. to experimenters what the effects are of their manipulations.
Balistrieri and Murray (1982) “slightly rinsed” their birnessite  Wang and colleagues (1996) synthesized K-birnessite and used
before determination of adsorbed ions. Rinsing preferentially 0.5 M NaCl solution to convert it into the Na-form. The pH of
removes monovalent ions (Appelo and Postma, 1993) and maythe solution influences the fractions &fSC2~ and =SO,H ™~

be the cause of the deviation. which are available for sorption of Na Shifts up and down the
vertical axis in Fig. 5 are therefore possible by adapting the pH
6.2. Cation Sorption by Birnessite in K/Ca-solutions value of the NaCl solution. In our calculations, the pH of this

solution was set to 5.6 (i.e., as in equilibrium with a laboratory

Wang and colleagues (1996) measuredihg between two atmosphere witP.o, = 103 atm).
ion-selective electrodes for Kand C&" inserted in suspen
sions of synthetic Na-birnessite to which various proportions of
K*/Ca"-chloride solutions were added. Their results are dis
played in Fig. 5 as the negative logarithm of ion activities as a
function of the amount of KCl/CaGladded. The diprotic surface complexation model for birnessite was

The diprotic complexation model was again used to calculate derived from the experimental data set of Murray (1975) and
pK, pCa and pk-0.5 pCa for comparison with the experimen-  subsequently found to match favorably with the independent
tal data of Wang and colleagues (1996). The complexation data sets of Balistrieri and Murray (1982) and Wang and
constant for K, as listed in Table 1, was estimated to be 5 colleagues (1996). Considering that three independent synthe-
times higher than for N3, based on the data from Tsuji and ses of birnessite are involved and also that the solution com-
colleagues (1992). As shown in Fig. 5 the general trends of the position, and thereby the aqueous speciation, varied consider-
model prediction are in excellent agreement with the experi- ably, this is a promising result. It indicates that the proposed
mental data of Wang and colleagues (1996, their Fig. 4). For diprotic model for birnessite is generally applicable for cation
low additions of the K/Ca-chloride solution, the calculated pCa adsorption on synthetic birnessite. In addition, the diprotic
was higher than the measured value, apparently because Caurface complexation model is consistent with the surface
complexation was overestimated by the model. However, the structure of highly oxidized birnessite. We have limited our-

6.3. The Applicability of the Diprotic Surface
Complexation Model
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Table 2. Subsequendisplacemerst of column solutiors and ex-
changeatd concentratiosain mmol. /L PV (1 mmol ./ L pore vol-
ume = 0.01& meqg/1® g sediment).

ResidentmM Injected mM Exchangeablemmol./L PV
Ca(NG), 10. MgCl, 11 cat 47.0
MgCl, 10. CaClL,  50. Mg?* 46.0
FeCl 15. KBr 100. Fe&* 18.5

selves deliberatey to sorpticn modelling of alkaline and alka-
line earhions only. Sorptin of the transition metd ionsiswell

known to be irreversibke (Murray, 1975) Hysteress in the
sorptim isotherns probaby resuls from inclusion of the ions
into the octahedrhlayer of the birnessie where they form a
solid solution with Mn**/Mn®**. The structue of birnessite
(Fig. 1) allows eay uptale in the octahedrhlayer when the
atomic radi fit. Sud behavig requires asolid solution model
rathe than a surfa@ complexatio model For sorptian of this

type ary surfae complexatim modé will showv inconsisten-
cies when the experimenthconditiors are varied Thus Catts
ard Langmur (1986 observe a much greate shift of the

sorptian edge for Cl?* ard Zn?*, when the solid concentration
was increasedthan could be explainal by their model.

7. COLUMN EXPERIMENTS

In orde to ted the applicabiliy of the diprotic surface
complexatim modé on Mn-oxides presenin naturd sediments
ard in systens affecta by transport a series of colunm exper-
iment was carried out The colunn was packel with natural
Mn-oxide coatel sard and injected with a sequene of CaCl,
ard MgCl,, solutiors (Table 2) to derive the colunm dispersiv-
ity and the sedimeh exchang behavio from the breakthrough
curves In orde to determire the exchang capaciy associated
with the Mn-oxide, the colurm was thereafte injected with a
FeCl, solution in orde to redue all MnO,. The remaining
cation exchang capaciy was determiné by displacemetwith
a KBr solution.

7.1 Material s and Methods

Mn-oxide coatel sard was collected from agroundwater-fed
smal lake in agrave pit nea lkast Denmark Black Mn-oxide
coatel sard forms at the wate table and is apparent} the result
of in situ oxidation The sard consiss of grains with an average
diamete of 0.24 mm coveral with a uniform, but friable,
blackish brown coating X-ray diffraction of the coatirg mate-
rial showel clea reflectiors at 2.44 ard 1.42 A and a broad
bard a 75 A, correspondig to random-stacke birnessite
(Giovanoli 1980) EDAX analyss revealel the following com-
position 2.36% Al ,05, 86.98%6 MnO,, 7.00% Ca0 and 3.65%
SiO,. The oxidatin stae of manganes in the coatirg was
determinedusing the methal of Murray and colleagus (1984),
which yielded a O/Mn ratio of 1.77 = 0.01.

For the colunm experiment the sedimeih was washa with
0.1 M Ca(NG,), to remoe fine particles rinsed with H,O until
the electrica condictivity was 50 mS/cm ard then kept in 10
mM Ca(NG,),. The wet sedimen was packel in a perspex
colum of 5.22 cm inner diamete ard lengh of 5.06 cm. The
column was cappel by 0.2 cm thick polyethylere plugs with
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radid grooves for guiding wate from the inlet and to the outlet
tubing To remowe gas pockets the colunn was drainel for
wate ard filled with CO, gas When a 10 mM Ca(NG,),
solution was pumpael into the column the CO, dissolvel and
all the pores were effectively filled with water The pore vol-
ume was 358 ml. In the ensuirg experimentssolutiors were
pumpel upwad in the colummn with a Jaso 880-RJ HPLC
punp a 3 mL/hr, and the effluert was samplel with a Gilson
232 sampler In the effluent the concentratia of Fe* was
determine spectrophotometricall with Ferrozire (Stookey,
1970 ard Ca Mg, K, Mn ard Fe by atomic absorptim spec-
trophotomety on acidified samples Cl, Br ard NO; were
determine by ion chromatographypH was measurd in aflow
cel directly connectd to the colunm outlet.

7.2. Results and Exchange Capacity

In the first experimenta 10 mM Ca(NG;), solution resident
in the column was displace by a 11 mM MgCl,, solution The
resuls are displaye in Fig. 6 and shav a retardatio in the
Mg?>" breakthrout compare to Cl~, becaus of the displace
mert of Ca&2" from the exchangerln the secoml experimenta
residen solution of 10 mM MgCl,, in the column is displaced
by a50 mM CaCl, solution The resuls are presentd in Fig. 7
and the increag in ClI~ concentratio monitois the displace
mert of the residet colurmn solution Here retardatim in Ca?™
is observe to follow displacemenof Mg®" from the ex-
changer.

Exchang capacitis were obtainel from the breakthrough
curves by integratirg the eluted mas accordirg to:

n

Ex = fzimi dPV — (zm)o — (N — 1) X (zM)=,

0
(15)

whetr z represerdthe charg of ion i, m, the concentratia in
the eluae (mmol /L ), which is integratel over eluted pore ~
volumesPV, (m), _ o refeisto theinitial solue concentratiain
the colum (mmol /L ), (m), _ ., the concentratia in the ~*
injected solution (mmol /L ), ard n denotes the numbe of
porevolumes eluted Ex isobtaina inmmol. /L PV (per liter —*
pore volume).

The calculatel exchangealel concentratioa are given in
Table 2. The initial exchang capaciy is 47 mmol/I PV when
Ca" isreplacel by Mg®* ard is in goad agreemenwith the
value of 46 mmol,/L PV found when Mg?* is replacel by ~1
C&*. The find cation exchang capaciy after reduction of
MnO, amounsto 18 5mmol. /L PV ard isobtainel from the ~*
mas of F&#" eluted with the KBr solution Reductio of MnO,
by FE* cause the precipitation of Fe(OH), ard the pH drops
below 4. At this pH, Fe(OH), has no cation exchang capacity
ard the residu& exchang capaciy can probaby be ascribel to
clay minerak presen in the sediment Removéa of the Mn-
oxide from the sedimeih causs adecreas in cation exchange
capaciy of 47 — 185 = 285 mmol./ L . This loss translates
to 0.14 mol/ma Mn on the pristine sedimentwhich is similar
to the exchang capaciy of birnessie from the type locality
(Jones ard Milne, 1956).
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Fig. 6. Results of an experiment with a column containing sand Fig. 7. Results of an experiment with a column containing sand
coated with natural Mn-oxide. Breakthrough curves for displacement of coated with natural Mn-oxide. Breakthrough curves for displacement of
a resident 10 mM Ca(Ng), solution in the column with a 11 mM a resident 10 mM MgGlsolution in the column with a 50 mM Cagl
MgClI, solution. The lines are predicted by the diprotic surface-com solution. The lines are predicted by the diprotic surface complexation

plexation model. model.
7.3. Reactive Transport Modeling of Surface sediment. Both when Mg and C&* are displaced from the
Complexation in Column Experiments exchanger, their concentration initially increases above the

Reactive transport modelling of the column experiments was ©fginal concentration in the column and thereafter decreases to
done with an adapted version of the program PHREEQC Z€ro- This charact_erlstlc ‘snow-plow’ concentration profile is
(Parkhurst, 1995) including the diprotic surface complexation ©ften found when ion exchange reactions take place in a col-
model for bimessite as presented in Table 1. For the residual Umn (Barry et al., 1983). The ions that are displaced from the
exchanger, the exchange coefficients fo? FeMn?*, Ca&* exchanger initially increase in concentration to compensate for
and Mg* were taken from Appelo and Postma (1993). The 1D the higher anion concentration in the displacing solution and
transport algorithm discussed in that work was programmed in then decrease again when the exchanger becomes exhausted.
PHREEQC for solving the advection-reaction-dispersion equa- 1 he breakthrough curve of the exchanged cations following
tion (Parkhurst and Appelo, in prep.). Figures 6 and 7 compare the snow-plow is related to the shape of the exchange isotherm
the modelled breakthrough curves with the measured data. At (Appelo, 1996). If the eluted ion is more strongly bound than
the pH of the displacing solutions, Cbehaves as a conserva  the displacing ion, the slope of the sorption isothetg/dc is
tive ion and front spreading for Cltherefore results from lower for higher than for lower concentrations (the isotherm is
dispersion. Appelo and Postma (1999) evaluated dispersion convex). Retardation increases for lower concentrations and a
behavior in these experiments and found that dispersivity de- broadening front s the result. If the isotherm is concave for the
pended on the cation adsorbed onto birnessite, probably relatedeluted ion, the front sharpens because lower concentrations
to swelling and shrinking of the mineral. When Rigdisplaced have smaller retardation than higher concentrations. The effects
Ca™* from the birnessite (Fig. 6) a low dispersivity of 1.24 mm  of sharpening and broadening can be observed in Figs. 6 and 7.
was found. However when &4 displaced Mg*, (Fig. 7) the Ca* is bound more strongly than Mg by birnessite (Table 1)

dispersivity increased to 8.2 mm. Accordingly, the Gireak and the Ca/Mg isotherm is thus convex for’CalLow con
through curve is steep in Fig. 6 and spread over more pore centrations of Ca" are therefore retarded more strongly than
volumes in Fig. 7. higher concentrations. Accordingly, the displacement of'Ca

The concentrations of Ga and Mg" are well modelled by Mg®" (Fig. 6) shows broader breakthrough curves for
which indicates that the diprotic surface complexation model, cations than for Cl. Conversely for displacement of Mg by
optimized on Murray’s (1975) data for synthetic birnessite, is Ca* (Fig. 7), the cation breakthrough curves become slightly
also applicable to the natural Mn-oxide present in the column steeper than for Cl.
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8. CONCLUSIONS

Structurd dat on birnessie surfa@ coordination indicate
that sorptim sites consis of three oxygers arourd avacang in
the octahedrhlayer, carrying a charge of —2 (i.e,, a doubly
chargel sorptin site where metabk adsorbirg via inner-sphere
complexs bind to the three oxygens).

A new surfa@ complexatim modd was formulated using a
doubly chargeddiprotic, sorptim site ard optimized using the
sd of experimenthdat for sorptian on birnessie of Murray
(1975).

The optimized modé was subsequenyl testal agains inde-
penden dat ses for synthetc birnessie by Balistriei and
Murray (1982 and Wang and colleagus (1996 and found to
descrite the experimenthdaia well. It appeas to be generally
applicabg for highly oxidized synthetc birnessite.

The modd was also testel by reactiwe transpot modelling of
the resuls of column experimers where catiors adsorbd on
naturd MnO, coatel sand In this ca® as well, the diprotic
surfa@ complexatim modé gawe an excellen description of
the experimenthresults.

AcknowledgmentsWe thark Henrik Skov for experty doing the
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