Available online at www.sciencedirect.com

sc.sucs@o.“m

Geochimica et Cosmochimica Acta 70 (2006) 901-917

Geochimica

ELSEVIER

www.elsevier.com/locate/gca

Evidence for the nucleation and epitaxial growth of Zn
phyllosilicate on montmorillonite

Michel L. Schlegel **, Alain Manceau °

& CEA, Laboratory for the Reactivity of Surfaces and Interfaces and UMR 8587, DANSIDPCISCPILRSI, CEN of Saclay,
Bat. 391, F-91191 Gif-sur-Yvette Cedex, France
° Environmental Geochemistry Group, Maison des Géosciences, Université J. Fourier and CNRS, BP 53, F-38041 Grenoble Cedex 9, France

Received 25 March 2005; accepted in revised form 26 October 2005

Abstract

Zinc uptake in suspensions (<3.7 g L") of MX80 montmorillonite was investigated at pH 4.0 and 7.3, a total Zn concentration ([Zn}otar)
of 500 pM, and dissolved Si concentrations ([Sil,q) of ~70 and ~500 pM in 0.5 M NacCl, by kinetics experiments and polarized extended X-
ray absorption fine structure (P-EXAFS) spectroscopy. Differential thermogravimetric analysis verified the cis-vacant character of the
montmorillonite. No Zn uptake occurred at pH 4.0, confirming that cation exchange was hampered by the high ionic strength of the sus-
pension. At pH 7.3 and low [Si],q (~70 uM), Zn uptake occurred rapidly during the first hour of reaction, and then leveled off to 50 pmol/g
montmorillonite at 168 h. The uptake rate is consistent with Zn sorption on pH-dependent edge sites. At pH 7.3 and high [Si].q (~500 uM),
the initial sorption rate was similar, but Zn sorption continued, reaching 130 pmol/g at 168 h, and was paralleled by Si uptake with a Si/Zn
uptake ratio of 1.51(10), suggesting formation of a Zn (hydrous) silicate. P-EXAFS data indicated that the first oxygen coordination shell of
sorbed Zn is split into two subshells at 1.97(2) and 2.08(3)-2.12(2) A for all EXAFS samples. These two distances are assigned to a mixture
of tetrahedral ('YZn) and octahedral (Y'Zn) Zn complexes. The proportion of 'YZn was lower in the high [Si],q samples and decreased with
reaction time. Allow [Si],q and 216 h of reaction, nearest cationic shells of 0.6(4) Al in the film plane and 0.5(4) Si out of the film plane were
detected at 3.00(2) and 3.21(2) A, respectively, and were interpreted as the formation of ™VZn and Y'Zn mononuclear complexes at the edges
of montmorillonite platelets, in structural continuity to the (Al, Mg) octahedral sheets. At high [Si],q, in-plane Zn and Al and out-of-plane Si
neighbors were detected at 4 h, indicating the formation of Zn phyllosilicate nuclei at the layer edges. At 313 h, Zn—Al pairs were no longer
detected, and Zn atoms were surrounded on average by 3.4(5) in-plane Zn at 3.10(1) A and 1.7(9) out-of-plane Si at 3.30(2) A, supporting
the precipitation of a Zn phyllosilicate. Thus, dioctahedral Al phyllosilicate may act as a nucleating surface for the heterogeneous formation
of trioctahedral Zn phyllosilicate at [Si],q relevant to natural systems.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction generally persist as a result of element immobilization by

inorganic solids. For example, field studies and batch

Natural (bio)accumulation and anthropogenic activities
can both result in locally high concentrations of trace ele-
ments, as in marine and terrestrial ferro-manganese nod-
ules (Manceau et al., 2003; Marcus et al., 2004), or in
polluted areas near smelters and waste disposals (Manceau
et al., 1996, 2000; Morin et al., 1999; Webb et al., 2000;
Scheinost et al., 2002). These (bio)geochemical enrichments
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experiments on bentonite powders outlined the importance
of Zn retention by phyllosilicates, either by sorption on the
surface or by incorporation in a clay structure (Ross, 1946;
Manceau et al., 2000, 2002a, 2004; Scheinost et al., 2002;
Lee et al., 2004; Isaure et al., 2005; Panfili et al., 2005).
To better understand the physico-chemical conditions
favoring either of these two retention mechanisms, charac-
terization of the reactivity of soil phyllosilicates toward Zn
and other trace elements is needed.

The molecular processes of cation uptake in purified
clay systems have been investigated in detail, and the
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sorbate binding environment identified in a number of
studies by combining batch chemical, spectroscopic, and
microscopic methods. Cation sorption by outer-sphere
complexation, and neoformation of pure and mixed
hydroxide phases, e.g., layered double hydroxides, have
been observed by extended X-ray absorption fine structure
(EXAFS) spectroscopy on powder and paste samples
(Scheidegger et al., 1996, 1997; Manceau et al., 2002a;
Scheinost et al., 2002; and references therein). Recent appli-
cation of polarized EXAFS (P-EXAFS) spectroscopy
proved essential to unambiguously identify specific sorp-
tion sites of trace elements on clay minerals (Schlegel
et al., 1999b, 2001a,b; Déhn et al., 2001, 2002a,b, 2003).
As an example, P-EXAFS was used to show that Zn-
sorbed at moderate pH (6.5) on hectorite, a magnesian
smectite, formed mononuclear complexes on the particle
edges (see Fig. 1 in Schlegel et al., 2001a). This technique
was further used to demonstrate that Zn phyllosilicate
(Zn kerolite) can nucleate from these surface complexes,
and grow epitaxially in only 5 days at near-neutral pH
(7.3) and dissolved silicon concentrations ([Si],q) relevant
to geochemical systems (Schlegel et al., 2001b). Nickel
reacted with montmorillonite, the most common aluminum
smectite in soils, bentonites, and sediments, was observed
also to be incorporated in a neoformed phyllosilicate in
two weeks at pH 8.0, but only after 1 year of reaction at
pH 7.2 (Déhn et al., 2002a, 2003). The difference in reac-
tion kinetics between the hectorite and montmorillonite
experiments may simply reflect distinct chemical condi-
tions, but it may also originate from differences in structur-
al and chemical reactivity between the two systems (Giiven,
1988). In hectorite, all sites of the octahedral sheet are filled
with Mg, hence forming a trioctahedral framework, in
which Zn can be easily incorporated (Decarreau, 1981b,
1985). In contrast, in montmorillonite, two-thirds of the
octahedral sites are occupied mostly by Al and the other
third is empty, yielding a dioctahedral framework. Divalent
cations have a lower affinity for dioctahedral frameworks
than for trioctahedral phyllosilicates, as suggested by the
limited domain of solid solution between Mg and Al phyl-
losilicates (Grauby, 1993; Grauby et al., 1993). However,
dioctahedral phyllosilicates are far more abundant than tri-
octahedral ones at the earth’s surface and, consequently,
may control the fate of divalent metals in the environment.

In this paper, the sorption mechanism of Zn on mont-
morillonite was investigated by solution chemistry and P-
EXAFS spectroscopy. This study provides insight on the
similarities and dissimilarities between the surface reactivi-
ty of magnesian and aluminum smectites.

2. Materials and methods
2.1. Montmorillonite
MX80 bentonite material was obtained from the French

Agency for Management of Nuclear Waste (ANDRA).
Twenty-five grams of raw bentonite was shaken in 1 L of

bidistilled water (Milli-Q) for 2 days. The <2 pm montmo-
rillonite fraction was isolated by centrifugation, and treat-
ed several times with a 0.1 M citrate, 0.5 M NaCl solution
at pH 5 to remove carbonates, then with a dithionite—cit-
rate-bicarbonate solution for 1 h at pH 6.5 to remove iron
and manganese (oxyhydr)oxides, and finally with a 3%
H,0,-0.5M NacCl solution for 1h at 50°C to remove
organic matter. The treated montmorillonite was
repeatedly washed with 0.5 M NaCl and stored as a 4 wt
% stock suspension in 0.5 M NaCl at 4 °C in the dark. The
purified clay was characterized by X-ray diffraction on a
Phillips X’Pert X-ray diffractometer. No mineral impurity
was detected. The structural formula of the material as
treated is Nag 25 (Al; 61Mgo 24Fe* o 13Fe* 0 02) (Si3 98Al0.02)
0109(OH),, and the cation exchange capacity calculated from
the clay composition equals 760 meq kg™' (Tournassat
et al., 2004). The specific surface area determined from
morphological considerations equals 788 m? g~ ' (Tournas-
sat et al., 2003).

2.2. Differential thermal analysis

Thermal analysis was carried out with a Setsys 1600
analyzer (Setaram) in Ar atmosphere. About 70 mg of
dried MX80 powder were loaded in an Al,O;3 crucible.
The sample was initially heated at 110 °C for 1 h, and then
to 1000 °C at a rate of 5 °C/min.

2.3. Zn uptake experiments

All solutions were prepared with deionized water (Milli-
Q or Elga Purelab UHQ) and chemicals of at least Amer-
ican Chemical Society reagent grade. Uptake experiments
were performed in polyethylene vessels thermostated at
25.0+£0.1°C (thereafter, the condensed notation
25.0(1) °C is used to express uncertainties). Suspensions
were stirred with a magnetic bar, and an inert atmosphere
was maintained by bubbling through the suspension a N,
gas that was previously bubbled sequentially through
0.1 M NaOH, then 1 M H,SO,, and finally 0.5 M NaCl.
A high Na concentration of 0.5 M was maintained using
NacCl (Sigma) to prevent Zn adsorption on cation exchange
sites of montmorillonite. pH values were measured with a
combination micro-electrode (Mettler Todedo) calibrated
with buffers (Merck, Titrisol), and recalibrated at least
every 72 h. Suspension pH values were adjusted to, and
maintained at, the desired pH by software-controlled addi-
tion of acidic (0.0l M HCI, 0.5 M NacCl), basic (0.02 M
NaOH, 0.48 M NaCl), or basic silica (0.1 M SiO,, 0.2 M
NaOH, 0.3 M NaCl) solutions, according to experimental
conditions.

Three experiments were performed to evaluate the im-
pact of pH and [Sil,q on Zn uptake on montmorillonite.
All three were conducted using 0.5 M NaCl solutions con-
taining 3.7 g L~' montmorillonite. For the first experiment
(LoSi-4), the solution was adjusted to pH 4 using the acidic
solution and equilibrated overnight by addition of the
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acidic solution. In the second experiment (LoSi-7), the
solution was adjusted to pH 7.3 and equilibrated overnight
using the basic solution. No dissolved Si was added for
LoSi-4 and LoSi-7, and therefore [Si],q in these two suspen-
sions resulted from montmorillonite dissolution only. In
the third experiment (HiSi-7), the pH was adjusted to 7.3
and dissolved silica was added to obtain a concentration
of ~500 uM using both the acidic and basic silica solutions.
The solution was then equilibrated overnight.

For each uptake experiment, enough 0.2 M ZnCl, (pH
4.7) was added to obtain a total Zn concentration ([Zn]ioar)
of ~500 uM. After Zn addition, pH was adjusted to 4.00(5)
(LoSi-4) or to 7.30(5) (LoSi-7 and HiSi-7) within 1 h and
kept constant by adding acid (LoSi-4), basic silica (HiSi-
7) or basic (LoSi-7) solutions at a slow rate (~60 pL min~")
to minimize local supersaturation. At given times
(0 <t < 168 h), 5 mL of suspension was pipetted from the
reaction vessel with a pipette tip, centrifuged, and filtered
(Whatman 0.1 um cellulose nitrate filters). The first millili-
ter of the filtered supernatant was discarded to limit losses
due to sorption on the filter. Solute Zn, Si, and Al concen-
trations in the filtered supernatant ([Znl,q, [Sil.g, and
[Al],q) were measured by inductively coupled plasma-atom-
ic emission spectrometry (ICP-AES). [Si],q never exceeded
600 uM, meaning that silicic acid was undersaturated with
respect to amorphous silica and was predominantly mono-
meric (Iler, 1979; Stumm, 1992; Dietzel, 2000). Zn uptake
was determined from the difference between [Zn]ioia and
[Zn].q, taking into account the dilution caused by addition
of basic or basic silica solutions (Schlegel et al., 2001b).
Speciation calculations at [Zn],q < 500 uM showed that
more than 98% of dissolved Zn was present as Znaq2+ (Baes
and Mesmer, 1976). Calculation of saturation indices
(defined as the ratio of the ion activity product, IAP, to
the solubility constant K.q; Stumm and Morgan, 1996) using
the Pitzer model in the ZnCl,-HCI-NaCl mixture for activ-
ity coefficients (Pitzer, 1987, 1991) showed that [Zn],q never
reached the solubility limits of ZnO or Zn(OH), (at t =0,
Q0 = (Zn”g JI(H?)? - KZ©]1=0.08, and  Qzyom), =
(Zn™)/[(H") - KZO"2] = 0.06, where (Zn>") and (H)
are the activities of Zn>" and H" in solution; Baes and Mes-
mer, 1976). To our knowledge, no thermodynamic data on
the formation of dissolved Zn-silicate complexes is avail-
able, and previous EXAFS data suggested that this complex-
ation reaction is marginal under our experimental
conditions, even at high [Si],q (Schlegel et al., 2001b).

2.4. Sample preparation for EXAFS spectroscopy

Suspensions for EXAFS samples were prepared and
reacted at pH 7.30(5) using the same protocol as for solu-
tion chemistry studies, except for the solid concentration in
the “high” [Si],q preparation, which was brought to a value
of 0.5 g L™! to favor the observation of long-term uptake
products. Self-supporting films of Zn-sorbed montmoril-
lonite were obtained by slowly filtering on 0.1 pm Millipore
cellulose nitrate filters 60 mL of reacted suspensions with-

Table 1
Samples reacted at pH 7.3 and analyzed by EXAFS spectroscopy

Sample names [mont.]* Zn uptake® I (umol Zng™' [Sil,, Time
(egL™) (%) montmorillonite) (uM) (h)
LoSi-7-X216h 3.7 37.5 51 ~70 216
HiSi-7-X4h 0.5 28.4 52 548 4
HiSi-7-X313h 0.5 90.7 660 530 313

# Montmorillonite concentration in the suspension.
> Amount of [Zn},e adsorbed on montmorillonite.
¢ Zinc surface coverage.

drawn at t =216 h (LoSi-7-X216h, where X’ stands for
X-ray probed sample), 4 h (HiSi-7-X4h), and 313 h (HiSi-
7-X313h). Filtration was performed under a continuous
flow of N, to limit contamination by atmospheric carbon-
ate. Excess salt and aqueous Zn in the wet films were rinsed
with a few milliliters of deionized water before drying. Pre-
vious studies have shown that highly textured self-support-
ing films are obtained with the same protocol (Manceau
et al., 1998; Schlegel et al., 1999b, 2001b; Dihn et al.,
2003). Several slices of each film were cut and stacked on
a sample holder for EXAFS measurements. The names
and the preparation conditions of the probed samples are
given in Table 1.

2.5. EXAFS data collection and reduction

Zn K-edge EXAFS spectra were recorded at the Euro-
pean Synchrotron Radiation Facility (ESRF, France) on
the FAME (BM30B) station. The spectrometer optics in-
cludes a Ni-coated focusing mirror and a sagittal-focusing,
double crystal Si(111) monochromator (Hazemann et al.,
1995). Clay films were mounted on a goniometer, and EX-
AFS spectra were recorded at o = 10°, 35°, 55°, and 80°
(where « is the angle between the phyllosilicate basal plane
and the electric field vector of the linearly polarized X-ray
beam). The most Zn concentrated sample (HiSi-7-X313h)
was recorded in transmission mode, using photodiode
detectors. The two other samples (HiSi-7-X4h and LoSi-
7-X216h) were recorded in fluorescence detection mode,
using a 30 element array Ge detector. The Arizona mont-
morillonite from the Source Clays Repository of the Clay
Minerals Society (Zn-SAz) was used as a standard for Zn
substituted for Al in the clay octahedral sheet. Its Zn K-
edge EXAFS spectrum was collected in fluorescence mode
on a pressed pellet oriented at the magic angle relative to
the incoming beam (i.e., & = 35°). At this angle, all poten-
tial texture effects arising from the anisometry of clay
crystallites are cancelled, and P-EXAFS and powder EX-
AFS spectra are the same (Manceau et al., 1990). Other
references included aqueous Zn (ZnaqH), Zn kerolite
(Zn3S14,0,9(OH), - nH,0; ZnKer300), mixed (Zn,Mg) kerolite
(an.35Mg1465Si4010(OH)2'nH20; ZnKerl35), and Zn-sorbed
on hectorite at pH 6.5 (Zn-hect). In all the solid references,
Zn is located in a clay structural environment and bonded
to in-plane Zn and Mg octahedra at 3.0-3.1 A, and to out-
of-plane Si tetrahedra at 3.2-3.3 A, but the number and
relative proportions of the neighboring Mg and Si cations
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differ from one reference to another. In ZnKer300, Zn
Ker135, and Zn-hect, Zn is surrounded by 6 Zn and 4 Si,
by 2.7 Zn, 3.3 Mg, and 4 Si, and by 1.6 Mg and 2.7 Si,
respectively (Manceau et al., 2000; Schlegel et al., 2001a).

EXAFS data were reduced with the SEDEM software
(Aberdam, 1998). First, absorption spectra were given the
shape of the Stobbe function, which is a quantum-mechani-
cally derived formula for atomic absorption. Then standard
fitting procedures were used to extract the EXAFS spectra
(x(k); Teo, 1986). Fourier transformations were performed
on k>y(k) functions between k = 2.5 and 12 Al using a Kai-
ser apodization window (Manceau and Combes, 1988). Fou-
rier transforms (FTs) display amplitude maxima (peaks)
located at apparent (R + AR) distances which differ from
the EXAFS path lengths (R) by AR~ —0.3 to —0.4 A for
R<~4A (Teo, 1986). Peaks of interest were selected and fit-
ted in the R-space with the Artemis interface to the IFEFFIT
software (Newville et al., 1993; Newville, 2001; Ravel and
Newville, 2005), using theoretical phase and amplitude func-
tions calculated with FEFF7.02 (Ankudinov and Rehr,
1997), and Zn-doped montmorillonite as a model structure
(Tsipursky and Drits, 1984). The amplitude reduction factor
Sé was set to 0.85 in agreement with previous studies (e.g.,
Schlegel et al., 2001b). All polarized spectra from the same
sample were fit together using common values for AE; (the
edge-shift between theoretical and experimental data), EX-
AFS distances (R;34"*), and Debye-Waller parameters (a;,
accounting for static and thermal disorders) of the jth shell.
The numbers of neighboring atoms (N*) were fit indepen-
dently for each o angle. The goodness of the fits was quanti-
fied by the R, factor, defined as

S Re(A] + Mm()1 |
RP = N Py Y (1)
S { Re(F T ()P + [Im(FTawa (P }

where Re(f;) and Im(f;) are the real and imaginary parts of
the difference function f;= [FTga(P:) — FTmode (P)],
FTga.(P;) and FTo4e(P;) are the FT functions of the
experimental data and model, and the summation runs
over all P; values of the fitted R+ AR range. Statistical
uncertainties on the fitted parameters were calculated fol-
lowing standard procedures implemented in FEFFIT
(Newville, 2001). The precision on EXAFS parameters is
typically +0.02 A for REXAFS REXAFS REXAES “and REXAFS,
values that are similar to those previously reported (Schle-
gel et al., 2001a). Multiple scattering contributions to the
total EXAFS spectra were not included in the fits because
they were shown to be weak, especially in dioctahedral
phyllosilicate (Manceau et al., 1998).

3. Results and interpretations
3.1. Differential thermal analysis

The differential thermal curve for MX80 displays an
endothermic minimum at 670 °C, confirming the expected

cis-vacant nature of the montmorillonite (Drits et al.,
1995), as it is generally the case for Fe-poor dioctahedral
smectites (Tsipursky and Drits, 1984).

3.2. Uptake kinetics

Previous experiments showed that in a solution contain-
ing [Si]q ~ 500 uM and [Zn],q ~ 500 pM, [Zn],, remained
constant, even after several days of reaction time (Schlegel
et al., 2001b). The absence of Zn uptake precludes the for-
mation of large amounts of homogeneous Zn precipitate.
Zinc may have formed small nuclei that would not be sep-
arated from the supernatant upon centrifugation and filtra-
tion, but no such polymers were detected by EXAFS
(Schlegel et al., 2001b). Consequently, the homogeneous
nucleation of Zn-Si solids in our experimental conditions
(pH 7.3, [Zn]ioa = 500 uM, [Sil,q ~ 500 uM) is negligible,
if occurring at all, in the time span of our experiments.

No Zn uptake occurred in the LoSi-4 experiment, con-
firming that cation exchange was effectively hampered by
the high ionic strength of the suspension. In contrast, Zn
uptake occurred in the LoSi-7 and HiSi-7 experiments, sup-
porting a pH-dependent sorption of Zn at the clay surface,
probably on layer edges as previously observed on hector-
ite (Schlegel et al., 2001a; Fig. 1A). When no Si was added
(LoSi-7), 33% of [Zn]ipa (44 pmol g*1 montmorillonite)
was sorbed within the first hour, and Zn uptake progressed
only slightly afterwards up to 37% of [Zn}iar (50 pmol g~
montmorillonite) at £ = 168 h. The initial Zn sorption for
HiSi-7 (46 pmol g~ montmorillonite at 7 = 1 h) was simi-
lar to LoSi-7. Sorption in HiSi-7 continued afterwards,
and nearly 96% of [Zn];oga1 (130 pmol g*l montmorillonite)
was sorbed after 168 h of reaction.

The impact of Zn uptake on montmorillonite dissolu-
tion and [Si],q variations was also examined. For the
LoSi-7 experiment, [Si],q remained nearly constant near
~70 uM (Fig. 1B), whereas [Al],q hovered around the
detection limit of ICP-AES (~0.2 uM). The at least two or-
ders of magnitude difference between [Si],q and [Al],q con-
trasts with the Si/Al stoichiometric ratio in MX80 (Si/
Al =3.98/1.61 =2.47). The low concentration of [All,q
may be explained by the precipitation of Al polymers under
the near-neutral pH condition of the suspension. Low
amounts of [All,q (<0.4 uM) were also observed for HiSi-
7. Although significant volumes of basic silica were added
to the HiSi-7 suspension to keep the pH at 7.30, [Sil,q actu-
ally decreased with time (Fig. 1B), indicating that Si uptake
occurred during Zn uptake. This is clearly apparent in
Fig. 1C, which compares the measured values of [Si],4 to
those calculated by assuming that all Si added with the ba-
sic silica solution had accumulated in the suspension. Inter-
estingly, the ratio of the Si to Zn uptake is constant for
t = 4 h (Fig. 1D) and equals 1.51(10), suggesting the for-
mation of a well-defined Zn-Si solid phase. This ratio is
too high for 2:1 layer (TOT) or 1:1 layer (TO) Zn phyllos-
ilicates (Zn3Si,00(OH), and Zn3Si,O5(OH),, respectively).
Polarized-EXAFS measurements were undertaken to
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Fig. 1. (A) Zinc uptake as a function of time and [Sil,q. [Zn]ow = 500 UM, montmorillonite concentration [mont.]=3.7 g L', and pH 7.3 for all
experiments. The concentration uncertainty is smaller than the symbols. ({): Zinc uptake for [Sil,q ~ 500 uM, (HiSi-7 experiment); (V): Zinc uptake for
[Sil,q ~ 70 pM (LoSi-7 experiment). (B) [Si],q in the HiSi-7 experiment (<), and in the LoSi-7 experiment (V). (C) Comparison between [Si],q measured in
the HiSi-7 experiment (O), and theoretical [Si],q values assuming accumulation of all added Si in the supernatant (@). (D) Plot of Si uptake versus Zn
uptake for the HiSi-7 experiment. The slope of the regression line equals 1.51(10).

further examine the molecular mechanisms of Zn uptake
with and without silica.

3.3. EXAFS spectroscopy

3.3.1. EXAFS spectra

The k3-weighted P-EXAFS spectra for sorption samples
all display a marked angular dependence of the amplitude
and position of the EXAFS oscillations, e.g., near 5.2 and
6.0 A~ (Fig. 2). This spectral dichroism suggests that
Zn atoms are structurally connected to montmorillonite
particles and confirms, a posteriori, the high texture
strength of the self-supporting films. However, the P-EX-
AFS spectra for the three samples differ in oscillation
amplitudes and angular dependency, demonstrating that
the Zn binding environment varies from one sample to
another (Fig. 2). The LoSi-7-X216h spectrum recorded at
o =35° is relatively featureless, differing only from the
Znaqyr spectrum by the presence of shoulders on the side
of the EXAFS oscillations at 6.5 and 7.5 A (Fig. 3). This
suggests that Zn is not surrounded by many ordered atom-
ic shells in LoSi-7-X216h. In contrast, HiSi-7-X313h
resembles ZnKer300. Spectral features for HiSi-7-X4h are

k3.x(k)

clv v b b b b P b b b B |

2 3 4 5 6 7 8 9 10 11 12
k (A1)

Fig. 2. k*-weighted Zn K-edge P-EXAFS spectra for Zn-sorbed montmo-
rillonite films at o angles of 10°, 35°, 55°, and 80°.



906 M.L. Schlegel, A. Manceau 70 (2006) 901-917

50 - —

40 | .

k3x(K)

_10IIIIIIIIIIIIIIIIIIIIII
2 4 6 8 10 12
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Fig. 3. k*weighted Zn K-edge EXAFS spectra for aqueous Zn (Znaq”),
Zn-containing natural montmorillonite (Zn-SAz), Zn kerolite (ZnKer300),
and Zn-sorbed montmorillonite films. All spectra were recorded at the
magic angle (o = 35°).

intermediate between those of LoSi-7-X216h and HiSi-7-
X313h. This is the case for the 9.5 A~! oscillation, which
is absent in LoSi-7-X216h, noticeable in HiSi-7-X4h, has
a high amplitude in HiSi-7-X313h, and an even higher
amplitude in ZnKer300. Also, the depth of the wave split-
ting at 7.5A7" is shallower in HiSi-7-X313h than in
ZnKer300, and is no longer observed in HiSi-7-X4h,
though the third oscillation of this spectrum is clearly com-
posite, in comparison to LoSi-7-X216h. Note that none of
the sample spectra resembles Zn-SAz (Fig. 3), which allows
one to dismiss the incorporation of Zn at Al sites in the
bulk of MX80 octahedral sheets.

3.3.2. Fourier transforms

All Fourier transforms (FTs) display peaks at distances
(uncorrected for phase shifts) of ~1.6 A (peak A) and 3.8 A
(peak C) (Fig. 4). The HiSi-7-X4h and HiSi-7-X313h FTs

LoSi-7-X216h

FT(k3X)

H|S| 7 X4h

" HiSi-7-X313h T

I[IIIIIIII“IIIIIIIIIIIIIII

1 2 3 4 5 6 7
R +AR (A)

Fig. 4. Moduli of the Fourier transforms (|[FT|s) for Zn-sorbed montmo-
rillonite films at o angles of 10°, 35°, 55°, and 80°. The imaginary parts of
the FTs are also plotted for o = 10° and 80°.

also have a peak at 2.8 A (peak B), whereas this peak B
seems split into B1 and B2 in LoSi-7-X216h. The angular
dependence of the moduli and imaginary parts of the Fou-
rier transforms (JFT| and Im(FT), respectively) also shows
the anisotropy of the Zn environment.

Plotting the Fourier back-transformed Bl and B2 con-
tributions for LoSi-7-X216h over the [2.2, 3.5 A] R+ AR
range against o angle (Fig. 5) shows that the weak ampli-
tude of Bl and B2 results from cancellation effects of inter-
fering EXAFS waves from different atomic shells. A similar
cancellation effect was reported for Zn adsorbed to the edg-
es of hectorite (Schlegel et al., 2001a). The position and
amplitude of |FT|s and Im(FT)s in LoSi-7-X216h and
Zn-hect bear strong resemblances, particularly in the
3<R+AR<4A interval (Fig. 6A’). Likewise, the FT of
HiSi-7-X4h resembles the ZnKerl135 reference from 2 to
4A, and HiSi-7-X313h the ZnKer300 reference over the
same range (Figs. 6B’ and C’). These similarities between
samples and references support the progressive incorpora-
tion of Zn in the octahedral sheet of a phyllosilicate
structure along the sample series. With respect to the Zn
local environment in phyllosilicate, we conclude that Zn
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Fig. 5. Fourier-filtered EXAFS contributions for LoSi-7-X216h in the
[2.2, 3.5 A] interval.
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Fig. 6. Comparison of k*-weighted FTs (moduli and imaginary parts) at
the magic angle (o = 35°) for LoSi-7-X216h and Zn-sorbed on hectorite
(Zn-hect) (A’), HiSi-7-X4h and ZnKerl35 (B’), and HiSi-7-X313h and
ZnKer300 (C').

is surrounded by (Si,Al) atoms at R ~ 3.2-3.3 A in the out-
of-plane direction, and by (Zn, Mg, or Al) atoms at
R ~3.0-3.1 A in the in-plane direction. In the following,
peaks A, B, and C are analyzed successively.

Peak A originates from the contribution of oxygen
atoms ligated to Zn. The position of |[FT| and Im(FT) de-
pend on the Zn-O distance, which in turn depends on the
number of oxygen atoms coordinated to Zn (Kuzmin
et al.,, 1997; Sarret et al., 1998). This is illustrated in
Fig. 7A with ZnO, in which Zn is tetrahedrally coordinated
("VZn) with a Zn-O distance of ~1.96 A, and with
ZnKer300, in which Zn is octahedrally coordinated (V'Zn)
with a Zn—O distance of 2.06 A. The Im(FT) plot for LoSi-
7-X216h is close to that of ZnO on the short distance side
of the FT peak, and to that of ZnKer300 on the high dis-
tance side. This suggests that both short and long Zn-O
distances may be present in this sample. This inference
was confirmed by least-squares fitting of the data, which
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Fig. 7. Comparison of k>-weighted FTs in the [0.7, 3.4 A] interval
(peak A) for LoSi-7-X216h, ZnKer300, and ZnO (A); LoSi-7-X216h,
HiSi-7-X4h, and HiSi-7-X313h (B); and HiSi-7-X313h and ZnKer300 (C).
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Table 2
Quantitative EXAFS analysis of the Zn—O coordination shell

Samples o Fit range® (A) REXS (A) No,, o (A) REXS (A) No,, o (A) AE (eV) RS
LoSi-7-X216h 10° 1.1-22 1.97(2) 3.9(3) 0.083 2.12(2) 2.5(2) 0.083 53 0.004
350 1.0-2.2 4.0(3) 2.2(2) 0.002
55° 1.0-2.2 4.0(3) 1.9(3) 0.005
80° 1.1-2.2 4.1(3) 1.7(3) 0.003
HiSi-7-X4h 10° 1.1-22 1.97(2) 2.3(3) 0.067 2.12(2) 3.6(4) 0.067 53 0.020
350 1.1-22 2.2(4) 4.0(4) 0.016
55° 1.1-2.2 2.2(4) 3.9(4) 0.016
80° 1.1-22 2.5(4) 3.3(5) 0.012
HiSi-7-X313h 10° 1222 1.96(3) 3.2(5) 0.094 2.08(3) 5.7(5) 0.094 2.1 0.032
350 1.2-22 2.5(5) 5.4(5) 0.020
550 1222 1.9(5) 5.6(5) 0.003
80° 1.1-22 1.5(5) 5.1(5) 0.004

& R+ AR interval for the fit in the real space.

® Threshold energy E, taken at the half-height of the absorption edge (Ap/2).

¢ Figure of merit of the fit.

yielded two oxygen subshells (O;a and O;p) at
Rgﬁ)ﬁi =1.97(2) and RE?:AOFIE =2.12(2) A (6 =0.08(3) A;
Table 2). The existence of two distances may arise from a
distortion of the Zn coordination polyhedron, due to Zn-
ligand bonds with contrasted bond strengths, or from a
mixture of ™VZn and Y'Zn species. In the first case, some
Zn-O bonds should be shorter, some Zn—-O bonds longer,
and the average bond length longer than in an undistorted
polyhedron (Brown, 1992). Here, the attribution of R,
and RyYY® values to short and long Zn-O bonds from the
same octahedron is questionable, because the average
REXSS =2.04 A is apparently shorter than for an undis-
torted Zn octahedron (2.06 A; Manceau et al., 2002b).
Additional argument against the attribution of R, to
short bonds in a distorted octahedron is provided by the
calculation of the theoretical length of the long Rj\YS
bonds needed to balance the Zn valence if
REXSS = 1.97 A. According to the bond valence-bond dis-
tance correlation function for oxygen and a cation M

(Brown, 1981, 1992),

Ryo— RM0>

M0 = EXP ( 0.37 @)

where Ry o is the cation to oxygen distance, and Ry, a
tabulated empirical parameter (Brese and O’Keeffe, 1991),
the bond valence associated with RUYE™ =1.97(2) A is
Vzn-o,, = 0.49(3) valence units (v.u.). The average distance
of the long bonds can be deduced from the valence sum
rule (Brown, 1992), which states that the sum of bond
valences incident to any cation M should equal the cation
valence Vyy, i.e.,

VM = ZVM,OJ. (3)

Since N¢, > Ng  at all o angles in LoSi-7-X216h, a min-
imum of three short bonds for each distorted octahedron is
expected. Then, to satisfy Eq. (3) with Vz, =2, the valence
of the long Zn-O bond should be (2 — 3x0.49(3))/

3=0.13(3) v.u. which imposes a Zn-O distance of
2.34(6) A according to Eq. (2). This bond length is unreal-
istically long and clearly off the experimental R7¢)"> value.
Likewise, the assumption of a distorted tetrahedral coordi-
nation can be ruled out for two reasons. First, Zn tetrahe-
dra are less distorted than Zn octahedra (Sarret et al., 1998)
and, second, tetrahedra distortion would result in Zn-O
distances shorter than Rj\8® =1.97 A. Therefore, the

REXYS =1.97(2) A distance is assigned to 'VZn, and the
RENYS =2.12(2) A distance to “'Zn. Note however that
the REXAFS value (2.12 A) is greater than for an undistorted
octahedron, which suggests that ¥'Zn octahedra are distorted.

At high [Si],q and with increasing reaction time, Im(FT)
for peak A gradually shifts to greater distances, but never
coincides with that of ZnKer300, in which only ¥'Zn occurs
(Figs. 7B and C). This indicates a progressive decrease of
the "VZn/¥'Zn ratio from LoSi-7-X216h to HiSi-7-X4h
and to HiSi-7-X313h. This evolution along the sample ser-
ies was confirmed by quantitative analysis, as the
Ng, /N, ratio was found to decrease at all o angles (Ta-
ble 2). However, "VZn did not disappear completely at high
[Sil.q and reaction time, as apparent from the overplot of
Im(FT) for HiSi-7-X313h and ZnKer300 (Fig. 7C). The

RZYSS value is about invariant in the three samples, but

RS slightly decreases from 2.12(2) A in HiSi-7-X4h to
2.08(3)A in HiSi-7-X313h (Table 2). This reduction in
Zn-0O,p distance may result from a diminution of the dis-
tortion of the V'Zn octahedron, an hypothesis that will
be discussed later.

Peak B (or Bl and B2 for LoSi-7-X216h) results from
the interferences of the EXAFS contributions (yoc and
¥1ey) from the nearest cationic shells in the octahedral
(Oct) and tetrahedral (Tet) sheets, respectively (Manceau
et al., 1998; Schlegel et al., 2001a). These interferences
diversely affect the amplitude and position of peak B,
depending on the nature and effective number of Oct and
Tet cations in each shell. For example, the invariance in
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phase and position of peak B with o for HiSi-7-X313h
(Fig. 4) indicates that the yo. and yte; Waves are essentially
in-phase, as typically observed when the X-ray absorber
(here Zn) is surrounded predominantly by ‘heavy’ atoms
(e.g., Zn and Fe) in the octahedral sheet and ‘light” atoms
(e.g., Si, Al) in the adjacent tetrahedral sheets (Manceau
et al., 1998; Schlegel et al., 2001b). In contrast, the Bl
and B2 features for LoSi-7-X216h decrease in amplitude
when o increases from o = 10° to 35°, and then increase
in amplitude and are shifted to shorter R + AR distances
when o increases to 80° (Fig. 4). A similar, though more
pronounced, angular dependence was observed for Zn-
hect, and was interpreted by a destructive interference be-
tween the yoq and yte Waves originating from ‘light’ in-
plane Mg and out-of-plane Si atoms (see Fig. 11 in Schlegel
et al., 2001a). The same explanation holds for LoSi-7-
X216h, except that Al, instead of Mg, predominates in
the montmorillonite octahedral sheet. This result supports
the formation of Zn complexes at the edges of montmoril-
lonite particles. Finally, the amplitude of peak B for HiSi-
7-X4h is lower than that of HiSi-7-X313h at all o angles,
and its Im(FT) slightly shifted with « (Fig. 7B). This find-
ing, together with the similarity between HiSi-7-X4h and
ZnKerl35 data, are consistent with Zn being surrounded
by a mixture of ‘light’ (Al, Mg) and ‘heavy’ (Zn, Fe) atoms
in the plane of the octahedral sheet.
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Peak B was best fitted with an Al shell at
REXAS =3.00(2) A and a Si shell at R4S =3.21(2) A
(oa1=05;=0.10 A) for LoSi-7-X216h, and with a Zn shell
at R4S = 3.10(2) A and a Si shell at R;YSS = 3.30(2) A
(672 = 0.096 A and osi = 0.084 A) for HiSi-7- X313h (Fig. 8
and Table 3). Since Zn is surrounded by octahedral Zn and
Al in HiSi-7-X4h, the degree of freedom of the simulation

is higher in this sample, and it was reduced by constraining

REXAFS and ¢ values to be identical in the Zn and Al sub-
shells. Optimal fits were obtained with R \° = R7\ 55 =

3.10(2) A, REXAFS =3.30(2) A, 0a1=02,=0.09 A and
osi=0.083 A (Fig. 8 and Table 3). The REXAFS REXATS
and RZXATS values in all sorption samples are similar to
those previously reported for V'Zn forming edge-sharing
linkages with (Zn, Mg, Al) octahedra, and corner-sharing
linkages with Si tetrahedra in phyllosilicates (Schlegel
et al., 2001a,b; Manceau et al., 2005). However, the stron-
gest argument in support of the phyllosilicate-like environ-
ment is given by the polarization dependence of the two
nearest metal shells. In all samples, N3, and N7, decreased
with increasing o, implying that the Zn-Al and Zn-Zn
pairs are oriented at fi5; and Sz, angles > 54.7° with respect
to the normal to the phyllosilicate layer (54.7° is the f mag-
ic angle, for which no angular dependence is observed;
Manceau et al., 1988), whereas NZ; systematically increased
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Fig. 8. Comparison of FT moduli and imaginary parts for the data (solid line) and spectral simulations (dotted lines). Left: & = 10°. Right: a = 80°.
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Table 3
Quantitative EXAFS analysis of the nearest cationic shells

Samples o Fit range® (A) Zn-Al shell Zn—Zn shell Zn-Si shell AE® (eV) Rp
RGNS (A) Na o(A) RGVYS(A) Ny oA REAS(A) Ns o (A)

LoSi-7-X216h  10° 1.1-3.4 3.00(2) 0.8(3) 0.10 3.21(2) 0.2(4) 0.10 5.3 0.006
35° 1.1-34 0.6(4) 0.5(4) 0.003
55° 1.1-3.4 0.3(5) 0.7(5) 0.006
80° 1.1-3.4 0.0(5) 1.1(3) 0.004

HiSi-7-X4h 10° 1.1-3.5 3.10(2)° 1.9(5) 0.096* 3.102)° 1.93) 0.096* 3.30(2) 0.9(5) 0.084 5.3 0.022
35 1.1-34 1.2(5) 1.2(3) 1.2(5) 0.018
55° 1.1-34 0.5(6) 0.7(3) 1.5(4) 0.017
0° 1.1-34 0.0(8) 0.0(4) 2.6(5) 0.010

HiSi-7-X313h  10° 1.1-34 3.10(1) 4.3(6) 0.096 3.30(2) 1.4(1.0) 0.084 2.1 0.023
35° 1.1-34 3.4(5) 1.7(9) 0.034
55° 1.1-34 2.5(5) 2.0(8) 0.006
80° 1.1-3.4 1.6(7) 3.009) 0.006

% R+ AR interval for the fit in the real space. The fit was performed with oxygen and AE, parameters set at their values in Table 2.
® Threshold energy E, taken at the half-height of the absorption edge (Ap/2).
¢ Distances were constrained to be identical for the Zn-Zn and Zn-Al pairs.

d

with «, meaning that fg; < 54.7°, as in phyllosilicate struc-
tures (Fig. 1; Table 3).

Peak C in phyllosilicates originates from the contribu-
tion of next-nearest O and Si shells at ~4.2 and ~4.4-
4.5A, respectively (Manceau et al., 1998). The systematic
detection of these higher shells, in combination with the
presence of Oct and Tet shells (peak B), indicates that the
Si tetrahedra located near Zn atoms are polymerized in a
two-dimensional framework linked to an octahedral sheet,
as in a phyllosilicate (Fig. 6). The somewhat lower ampli-
tude of peak C in the sorption samples, relative to
ZnKer300, may result either from a higher structural disor-
der (i.e., high amount of defects) or from a lower amount
of Si atoms near Zn (i.e., finite size of the Zn-containing
nuclei) (Fig. 6). These EXAFS contributions were modeled
by optimizing the number of O and Si atoms at this dis-
tance, and constraining their effective N* values to vary
with o as predicted by theory for Zn in phyllosilicate struc-
tures. This procedure yielded fair to good fits with fraction-
al site occupancies of about 0.5, and RE*AFS values
differing by less than 0.2 A from values calculated for Zn
in a clay structure.

4. Discussion

4.1. Zn sorption at low [Si],,

4.1.1. Zn sorption sites at low [Si],,

At low [Sil,q, most Zn uptake occurred within the first
hour of contact time. Similar kinetics were observed previ-
ously for Zn sorbed as inner-sphere complexes on the edge
sites of hectorite at high ionic strength (Schlegel et al.,
2001b). After 216 h of contact time, both 'VZn and Y'Zn
were present on the montmorillonite surface and surround-
ed by an in-plane Al shell at REXATS =3.00(2) A and an
out-of-plane Si shell at REXFS =3.21(2) A, as in phyllosi-

o values were constrained to be identical for Zn—Zn and Zn-Al pairs.

licate structures. This result is consistent with Zn located
in structural continuity to the octahedral sheet of montmo-
rillonite particles. Additional support for this interpreta-
tion comes from the detection of a next-nearest Si shell at
~4.4-4.5 A, which is diagnostic of Zn bonded to a silica
sheet (Manceau et al., 2000; Schlegel et al., 2001b). Note
that the Zn binding environment described here differs
from that in (Zn, Al) layered double hydroxide (Ford
and Sparks, 2000).

More insight into the retention mechanism of Zn is provided
from the number of nearest cations in the octahedral
[Nou = N3y = 0.6(4)] and tetrahedral [Ny ~ N3 = 0.5(4)]
sheets. These numbers are incompatible with a Zn for Al
substitution in the montmorillonite structure, as in this case
No¢ = 3 and Nt =4, or with Zn incorporation at vacant
cis sites, as in this case No = 6. Therefore, Zn incorpora-
tion in the bulk montmorillonite layer is ruled out, leaving
edge adsorption as the only plausible mechanism of Zn
retention. The REXTS and RENATS values are shorter by
0.03 and 0.09 A, respectively, than the REXAFS and REXATS
values reported for Y'Zn-sorbed on the edges of hectorite
(Schlegel et al., 2001a). The decrease in distance may be ex-
plained by the smaller size of 'YZn (0.60 A) relative to ¥'Zn
(0.74501&), and of YIAPT (0.535 A) relative to VIMg>"
(0.72 A; Shannon, 1976). In conclusion, EXAFS results
all collectively support the formation of inner-sphere Zn
complexes at the edges of montmorillonite particles.

The structural characteristics of the particle edges and of
edge sites can be inferred from morphological, crystallo-
graphic, and theoretical considerations (White and Zel-
azny, 1988; Bickmore et al., 2003; Tournassat et al.,
2003). Atomic force microscopy revealed that the MX80
particles have an irregular ‘corn-flake’-like morphology
with no preferential crystallographic orientations of the
layer edges (Tournassat et al., 2003). In the absence of
well-developed lateral crystallographic faces, the possible
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Fig. 9. Projection of the montmorillonite TOT structure in the ab plane,
with emphasis on the schematic structure of layer edges. The faces from
tetrahedra of the upper sheet are open for clarity. M1, trans sites; M2, cis
sites.

structural terminations of the layer edges may be rational-
ized by interrupting the octahedral and tetrahedral sheets
in such a way as to minimize the truncation energy (e.g.,
by breaking the weakest bonds or the minimum number
of bonds; Bleam et al., 1993; Schlegel et al., 1999a; Bick-
more et al., 2003). Several configurations for the (100),
(110), and (010) faces can be obtained (Fig. 9). Note that
only one cation-oxygen bond per surface oxygen is broken
to obtain these surfaces. The strength of these broken
bonds can be estimated from the montmorillonite crystallo-
graphic structure (Tsipursky and Drits, 1984; Fig. 9). Since
MX80 montmorillonite has a cis-vacant structure, octahe-
dral cations are theoretically evenly distributed between
the trans M1 site and the cis M2 site (Fig. 9). However,
according to Tsipursky and Drits (1984), the M1 site has
a smaller size than the M2 and, thus, preferentially accom-
modates smaller cations, e.g., APPT, the M2 site being filled
with Fe, Mg, and the remaining Al cations. The formal va-
lence of the M2 site, derived from the chemical composi-
tion and the inferred site occupancy, is 2.74. On the basis
of these crystallographic considerations, the bond valence
of all atomic pairs in the structure and the valence of bro-
ken bonds for surface oxygens can be calculated. For this
calculation, the valence of bonds incident to the M2 sites
were calculated as the weighted sum of bond valences for
Al, Mg, Fe(Ill), and Fe(Il) present at this site (Brese and
O’Keeffe, 1991). Results reported in Table 4 indicate that
the valence of broken bonds for surface oxygens from the
octahedral sheet (O4, OS5, and O6) and tetrahedral sheet
(01, 02, and 0O3) are ~0.4-0.6 v.u. and ~0.9-1.1 v.u.,
respectively.
By analogy with Eq. (3),

VO = Z VMj—O (4)

should be verified for surface oxygens, meaning that the
deficit of vyp_o due to the breaking of structural bonds at

Table 4
Bond-valence values of layer atoms for K-montmorillonite

Central atom Bonded atom Bond valence Sum Formal valence

Ml 2x 04 2x0.53(4) 2.9(2) 3.00
2x 05 2x0.55(4)
2x 06 2x0.38(3)

M2 2x 04 2x0.39(4) 2.7(2) 2.74
2x05 2% 0.49(4)
2x 06 2% 0.49(3)

Sil 0O1 1.04(5) 4.02) 4.00
02 0.98(5)
03 0.98(5)
06 1.01(5)

Si2 0Ol 0.97(5) 4.02) 4.00
02 0.85(5)
03 1.14(5)
05 1.02(5)

Ol Sil 1.04(5) 2.00(10) 2.00
Si2 0.97(5)

02 Sil 0.98(5) 1.83(10)* 2.00
Si2 0.85(5)

03 Sil 0.98(5) 2.12(10)  2.00
Si2 1.14(5)

04 HP 1.00 1.92(8) 2.00
Ml 0.53(4)
M2 0.39(4)

05 Si2 1.02(5) 2.06(13) 2.00
Ml 0.55(4)
M2 0.49(4)

06 Sil 1.01(5) 1.88(11) 2.00
Ml 0.38(3)
M2 0.49(3)

# The deficit in valence for O2 reflects the absence in the structural model
of interlayer cations that transfer positive charge to basal oxygens.

® The bond valence for the O-H bond was set to 1.00 v.u., for
consistency with previous studies on clay minerals (Manceau et al., 1998).

the mineral surface should be balanced by protonation
(viio ~ 0.8 to 1 v.u.), formation of weak hydrogen bonds
(va_o < 0.2), shortening of the remaining structural bonds,
or the formation of new bonds, e.g., by adsorption of 'VZn
(vzno = 0.50 v.u.), ViZn (vzn 0 =0.33 v.u.), or distorted
ViZn (0.33 <vz, 0 <0.4 v.u.). As seen in Fig. 10, sorbate
cations can be bound to Op (i.e., O4, OS5, and O6) and
share one edge (E) with (Al, Mg) octahedra, and zero to
two corners (C) with Si tetrahedra. The theoretical number
of edge linkages (1.0) agrees with the experimental Nog
value of 0.6(4), within uncertainty. Also, the Nt. = 0.5(4)
value is consistent with an admixture of 50% S;g+oc and
50% Sig+1c surface complexes. Fig. 10 also shows that
most surface complexes cannot share edges with each
other. This situation stands in contrast to hectorite, in
which adjacent surface complexes may exist owing to the
trioctahedral nature of the octahedral sheet (Schlegel
et al.,, 1999a). This structural difference likely accounts
for the absence of Zn-Zn pairs on montmorillonite at
low [Si],q, whereas some were detected on hectorite under
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Fig. 10. Structural model of Zn sorption on montmorillonite at
[Siljq~70 pM and 216 h of reaction time (LoSi-7-X216h). In these
conditions, Zn atoms form monomers on the edges. The letter ‘X’ marks
visualize the center of some vacant octahedral sites.

comparable conditions of pH (7.3) and [Si],q (~30 pM;
Schlegel et al., 2001b). The absence of detected Zn—Fe pairs
is consistent with the low amount of structural Fe octahe-
dra statistically exposed at the surface (7.5%).

The particle edges also have vacant octahedra exposed
to the solution, which might be filled by sorbate cations
(Fig. 9). However, these octahedral sites are unlikely to
be reactive because the inner oxygens are coordinated as
in the bulk structure and, thus, do not require extra bind-
ing, except if a surface relaxation occurs. Note, however,
that such relaxation would lead to the formation of
4E + 4C complexes, in contradiction with experimental
Nrte: and N values.

4.1.2. Zn coordination by oxygen at low [Si],,

A coexistence of 'YZn and Y'Zn surface species was also
reported on Al,O3 from pH 5.1 to 8.2 (Trainor et al., 2000;
Roberts et al., 2003). That dissolved Zn is in octahedral
coordination under our experimental conditions (Waych-
unas et al., 2002) suggests that '¥Zn formed on the clay sur-
face, this coordination being possibly favored over “'Zn
due to the good match between vyy,, , (0.5 v.u.) and the va-
lence of the surface broken bonds (~0.5 v.u.). However, the
V1Zn complex may be stabilized by formation of hydrogen
bonds between water molecules and surface oxygens.
Assuming that not all surface oxygens form hydrogen
bonds, this explanation may account for the coexistence
of ™VZn and Y'Zn surface species. ¥'Zn may also be stabi-
lized at the M2 site by the presence of Al. If we assume that
all the M2 sites have the same size, regardless of their Fe,
Mg or Al occupancy, then their bigger size relative to M1
results in an undersaturation of the Al atoms at M2, in
an amount equal to Vu — ZIVAl,O/ =30-26=04v.u.

This deficit in bond valence can be compensated by
shortening the distance between Al and the two surface
oxygens, thus increasing each va_o by 0.2 v.u. Interesting-
ly, the increase in the sum of bond valence incident to sur-
face oxygens resulting from this displacement is similar to
the difference of vz, o between VZn and Y'Zn (0.5 vs.
0.33 v.u.). Consequently, the occurrence of Al at an M2 site
may promote the formation of the Y'Zn complex.

4.2. Zn sorption at high [Si].,

4.2.1. Binding environment of Zn at high [Si],,

At high [Si],q, the detection of in-plane Zn-Zn pairs at
3.10(1) A and of out-of-plane Zn-Si pairs at 3.30(2) A sup-
ports the formation of Zn octahedral sheets that are paral-
lel to montmorillonite platelets and connected to Si
tetrahedral sheets. The incorporation of Zn in a phyllosili-
cate-like structural environment is further attested by the
presence of a second Si shell at ~4.4-4.5 A (peak C). Near-
est Al cations were detected at 3.10 A after 4 h of contact
time, but no longer at 313 h. This result, together with
the extremely low amount of aqueous Al, suggests that
the Al shell corresponds to atoms exposed at the montmo-
rillonite surface. This interpretation is consistent with the
in-plane orientation of the Zn-Al pairs, and supports the
epitaxial neoformation of a pure Zn hydrous layer silicate
(i.e., Zn kerolite) in structural continuity to montmorillon-
ite layers at 313 h of reaction time.

An estimate of the dimensions of the Zn domains can be
obtained from the amount of Zn atoms in individual octa-
hedral sheets (Qz,) and from N3 (Manceau and Calas,
1986; Schlegel et al., 2001b). For example, N3, = 1.2 for
HiSi-7-X4h (Table 3) is consistent with a mixture of 80%
Zn dimers (Qz, = 2; Nz, = 1) and 20% trimers (Qz, = 3;
Nz, =2), or with 80% monomers (Qz, = 1; Nz, = 0) and
20% large octahedral sheets (Qz, = 200; Nz, ~ 6). Similar-
ly, N3* = 3.4 for HiSi-7-X313h can be obtained with 100%
Zn sheets of 10-20 atoms, or 43% monomers and 57% large
octahedral sheets. Consequently, the occurrence of small-
sized surface Zn complexes can never be ruled out, even
for long reaction times. In fact, some 'YZn complexes are
still observed at t =313 h and, because they are unlikely
incorporated in the Zn octahedral sheets, they probably re-
main monomeric.

At t =4 h, the small difference between the amounts of
Zn sorbed at low and high [Sil,q (43 and 52 pmol Zn g/,
respectively) precludes compelling coprecipitation of Zn
and Si. Assuming that comparable amounts of monomeric
Zn complexes formed at low and high [Si],q, then the
amount of Zn in polymers is estimated to 52-43 =9 pmol
Zn g ' (17% of sorbed Zn). In this extreme case, Zn poly-
mers must be rather large (i.e., Oz, > 200) to account for
N3 =1.2(5) in HiSi-7-X4h. The same calculation per-
formed from the amount of Zn-sorbed at low and high
[Sil,q at £=168 h (50 and 130 umol Zn g~ !, respectively)
suggests that the proportion of Zn monomers decreased
from 43/52=283% to 50/130 =38% of total Zn. The



P-EXAFS study of Zn-sorbed montmorillonite 913

Fig. 11. Structural model for Zn sorption on montmorillonite at
[Silg ~ 500 uM and 313 h of reaction time (HiSi-7-X313h). In these
conditions, Zn is distributed between Zn phyllosilicate domains and
monomers.

assumed coexistence of large Zn sheets and ~38% mono-
meric Zn also results in a calculated N3 [(1-
0.38) x 6 = 3.7, where 6 is the number of nearest Zn in an
infinite layer] in agreement with experimental
N3 =3.4(5) value. The two independent calculations
from solution chemistry and EXAFS support a bimodal
size distribution of Zn surface complexes, represented by
monomeric Zn complexes and by large-size V'Zn sheets.

In conclusion, EXAFS results collected at high [Si],q
indicate that Zn is progressively incorporated in Zn kero-
lite surface precipitates (Fig. 11). Since Zn kerolite contains
only Y'Zn, these precipitates likely nucleated from the
monomeric V'Zn surface complexes. Therefore, the overall
rate of Zn clay nucleation and growth is expected to be lim-
ited by the fractional amount of monomeric ¥'Zn surface
complexes. This fraction, estimated from N§ and N§
for LoSi-7-X216 h (i.e., with Zn monomers only), equals
[2.2(2)/6]/[4.0(3)/4+2.2(2)/6] = 27(3)% of total Zn, a rela-
tively small value, which may account for the relatively
slow rate of Zn-kerolite epitaxial growth on montmorillon-
ite compared to hectorite.

4.2.2. Mechanism of Zn sorption at high [Si],,

The neoformed Zn kerolite is theoretically expected to
have a Si/Zn ratio < 1.33, in contradiction to the Si/Zn ra-
tio of 1.51(10) calculated from solution chemistry data. To
lower the calculated ratio of Si to Zn uptake down to lev-
els < 1.33, a “hidden” source of Zn must be invoked. This
source may correspond to the desorption of Zn monomers,
which formed in the first hours of the sorption experiments.
This process seems realistic because kinetics measurements
showed that near-equilibrium between aqueous Zn and
monomeric Zn surface complexes was attained within
1 h, while the kinetics of clay formation proceeded at a
much slower rate. To test this hypothesis, let us estimate
the amount of monomeric Zn complexes as a function of
time. This can be done by assuming that the formation
of these complexes proceeds by a Langmuir-like reaction
on a single type of sorption site =X:

=X + Zn*t « =XZn*t, (5)

where =XZn’" is the surface complex. Assuming that the
activity of surface species is nearly invariant upon metal

loading, then the conditional equilibrium constant K°
equals
— 24
ke — _[_XZn2+] 7 ©
=X][Zn™],

where [=X] and [=XZn”"] stand for the concentrations of
free and Zn-sorbed edge sites, respectively, and
[ZnH]aq [Zn],q. Assigning the total concentration of
edge sites (free and sorbed) to [=X]o = [=X] + [=XZn* "]
leads to the following relationship between solution and
edge-sorbed Zn (Stumm and Morgan, 1996):

=X [Z07],K°

=X7Zn*"] =
; ] 1+ K[Zn*"],

; (7)

from which [=XZn”*"] can be calculated at any time ¢,
provided K° and [=X], are known. The value of
[=XJot can be taken to be slightly greater than the
maximal amount of monomeric Zn, e.g., ~54 pmol g~
The value of K%, as calculated from [Zn],g, [EXZn2+],
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Fig. 12. (A) Kinetics of Zn sorption at [Si],q ~ 500 uM. () Total amount
of sorbed Zn. (V) Amount of Zn monomers adsorbed on edge sites,
assuming a total concentration of edge sites of 54 pmol g~!. (W) Difference
between the two previous quantities. (B) Correlation between the amounts
of sorbed Si and Zn-sorbed in kerolite-like domains (“‘effective kerolite-
sorbed” Zn). The latter quantity was calculated by subtracting the amount
of monomeric Zn ((=XZn?*")) from the total amount of sorbed Zn.
Regression slope of 1.15(13) (dotted line).
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and [=XJoc at 7=1h in LoSi-7, equals K°=1.82 x 10*,
Fig. 12A shows that the estimated amount of monomer-
ic Zn ([=XZn’"]) decreased with time. Then, the
amount of Zn incorporated in phyllosilicate (“effective
kerolite-sorbed” Zn in Fig. 12B) is obtained by sub-
tracting [=XZn>"] from the total (experimental) amount
of sorbed Zn. The amount of “effective kerolite-sorbed”
Zn varies linearly with sorbed Si (Fig. 12B), in a man-
ner similar to the total amount of Zn-sorbed on montmoril-
lonite (Fig. 4D). The slope of the new regression line
(1.15(13)) now falls within the range of Si/Zn values for
TO (Si/Zn = 0.67) and TOT (Si/Zn = 1.33) phyllosilicates.
This agreement substantiates our hypothesis that Zn is
transferred from monomeric sites to phyllosilicate nuclei
upon time. The revised amount of monomeric Zn at the
end of the experiment (15 pmol g~ is lower than the value
(50 pmol g~ ') obtained by assuming that comparable
amounts of monomeric Zn complexes formed at low and
high [Sil,q. The revised proportion of edge-sorbed
monomeric Zn now equals 15/130 = 12%, a little low in
comparison to the value derived from EXAFS data (43%).
This difference suggests that the amount of edge-sorbed
Zn, as calculated from Eq. (7), is probably underestimated.

4.2.3. Stability of Zn phyllosilicates

The constant Si/Zn uptake ratio for ¢ > 4 h suggests
that the octahedral and tetrahedral sheets of the neoformed
phyllosilicate grow cooperatively at about the same rate.
The formation of TO and TOT Zn phyllosilicate from dis-
solved species can be described by the following mass bal-
ance equations:

3Zn*" + 2Si(OH), + H,0 = Zn;Si,0s(OH), + 6H"  (8)
3Zn*" +4Si(OH), = Zn;3Si;040(OH), + 6 H' + 4H,0
9)

The clay formation decreases the solution supersaturation.
This phenomenon can be quantified with the ion activity
product (IAP), which is written for the reverse reactions
of Egs. (8) and (9):

_ (Zn’")’(Si(OH),)?
IAPro = Y (10)
and
IAPr — (Zn2+>3<8i(60H>4)“ an
(H")

Assuming an ideal TOT composition, and using activity
coefficients calculated from the Pitzer model (Chen and
Marshall, 1982; Pitzer, 1987, 1991), IAPtor decreases from
~10"%0 Y at =4 h to ~10"""? at r = 313 h. The IAP is
expected to further decrease with reaction time, equaling
the solubility constant of Zn kerolite at equilibrium. There-
fore, the value calculated at = 313 h is an upper limit for
the solubility constant of Zn phyllosilicate. This experimen-
tal wvalue agrees with that calculated previously

(Kot = 108°659) : Manceau et al., 2000). The high IAPor
value at r =4 h relative to Ktot indicates that the initial
suspension was highly supersaturated with respect to Zn
kerolite, a condition required for the formation of stable
nuclei (Stumm, 1992).

4.2.4. Comparison with previous results on phyllosilicate
neoformation

The nucleation and epitaxial growth of Zn phyllosilicate
described in this study can be compared to those reported
for Ni phyllosilicate on montmorillonite. At pH 7.2, and
for a lower concentration in Ni ([Ni]opg = 20 uM), it took
about one year for Ni clay to nucleate and grow (Ddhn
et al., 2003). However, at pH 8.0 and [Ni]ip = 660 um,
Ni-phyllosilicate was observed by P-EXAFS spectroscopy
after only two weeks, a timescale that compares well with
that of our experiments (Déhn et al., 2002a). The relatively
slow nucleation kinetics at pH 7.2 can be explained by the
smaller degree of supersaturation.

Although comparable [Zn],q and [Si],q conditions were
used in the present study and for Zn sorption on hectorite
(Schlegel et al., 2001b), a difference in kinetics also was
observed between these two systems, but in favor of the tri-
octahedral substrate. More Zn was incorporated in large-
sized Zn domains (Qz, > 200) after 5 days of reaction with
hectorite, than after 2 weeks with montmorillonite. This
difference may stem from the structural similarities between
Zn kerolite and hectorite, which decreases the interfacial
energy between the clay sorbent and the sorbate nuclei.
For montmorillonite, the interfacial energy between the
dioctahedral substrate and the trioctahedral Zn kerolite,
albeit still favoring nucleation, is probably more important,
and thus stable nuclei ought to form at a slower rate.

Our results also shed new light onto the immobilization
of Zn in contaminated soils and sediments. In these envi-
ronments, high-content, and even pure, Zn phyllosilicate
was identified by polarized and micro-EXAFS spectrosco-
py (Manceau et al., 2000; Isaure et al., 2005; Panfili et al.,
2005). The present study shows that soil Al phyllosilicate,
such as montmorillonite, and probably illite, which bears
strong chemical and structural similarities with montmoril-
lonite, may provide effective nucleation sites for Zn-con-
taining phyllosilicate having a kerolite-like local
structure. Formation of Zn phyllosilicate may also occur
by homogeneous precipitation and aging of (Zn, Si) gels,
e.g., upon soil drying. However, such gels are usually ob-
tained in the laboratory at pH and concentrations in metal
cations and silica much higher than in our experiments
(Decarreau, 1981a, 1985). Consequently, the heteronucle-
ation mechanism described here, occurring at lower IAP,
is probably more relevant to natural systems. Also, clay
particles obtained by homogeneous precipitation are com-
pletely disoriented and cannot be oriented for P-EXAFS
experiments, in contrast to Zn-containing soil phyllosili-
cate. Consequently, the nucleation and growth of Zn-con-
taining phyllosilicate at the edges of dioctahedral smectite
crystallites explains well the observed anisotropy of the



P-EXAFS study of Zn-sorbed montmorillonite 915

Zn K-edge P-EXAFS signal from the clay fraction of con-
taminated soils and sediments. Finally, the period for clay
heteronucleation and growth observed in our laboratory
experiments (typically a few days) is short when compared
to the timescale of soil contamination. Note, however, that
kinetics observed in the laboratory may not apply directly
to soil environments, due to obvious differences in chemis-
try (e.g., electrolyte composition, solid-solution ratio, tem-
perature, and presence of organic molecules) that may
impede or promote mineral (neo)formation.

5. Concluding remarks

The mechanism of Zn phyllosilicate nucleation and epi-
taxial growth previously documented on hectorite (Schlegel
et al., 2001b) is now observed also on montmorillonite, a
widespread and abundant soil and sediment constituent.
Montmorillonite surfaces can provide nucleation sites for
the neoformation of trioctahedral phyllosilicate, such as
Zn kerolite, at [Si],q typical of terrestrial systems and [Zn],q
found in contaminated environments. This uptake mecha-
nism leads to Zn occlusion in a sparingly soluble phase in
conditions where homogeneous precipitation is thermody-
namically possible, but kinetically limited. The presence in
contaminated soils and sediments of Zn-containing phyllos-
ilicate having a trioctahedral Zn local structure is now well
documented in the literature (see, e.g., Isaure et al., 2005;
Panfili et al., 2005), and the present study helps to better
understand the possible formation mechanism of these
phases.
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