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Abstract

Oxide surface coatings are ubiquitous in the environment, but their effect on the intrinsic metal uptake mechanism by the u
mineral surface is poorly understood. In this study, the zinc (Zn) sorption complexes formed at the kaolinite, goethite, and goeth
kaolinite surfaces, were systematically studied as a function of pH, aging time, surface loading, and the extent of goethite coat
extended X-ray absorption fine structure (EXAFS) spectroscopy. At pH 5.0, Zn partitioned to all sorbents by specific chemical bind
droxyl surface sites. At pH 7.0, the dominant sorption mechanism changed with reaction time. At the kaolinite surface, Zn was inc
into a mixed metal Zn–Al layered double hydroxide (LDH). At the goethite surface, Zn initially formed a monodentate inner-sphere adso
tion complex, with typical Zn–Fe distances of 3.18 Å. However, with increasing reaction time, the major Zn sorption mechanism s
the formation of a zinc hydroxide surface precipitate, with characteristic Zn–Zn bond distances of 3.07 Å. At the goethite-coated
surface, Zn initially bonded to FeOH groups of the goethite coating. With increasing aging time however, the inclusion of Zn into a mix
Zn–Al LDH took over as the dominant sorption mechanism. These results suggest that the formation of a precipitate phase at th
surface is thermodynamically favored over adsorption to the goethite coating. These findings show that the formation of Zn pre
similar in structure to brucite, at the pristine kaolinite, goethite, and goethite-coated kaolinite surfaces at near neutral pH and ove
reaction times is an important attenuation mechanism of metal contaminants in the environment.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The bioavailability and migration of trace metals in t
environment is dictated by reactions taking place at
solution–particle interfaces[1–3]. Determining the kinetics
and mechanisms of these interfacial reactions is of utm
importance to insure the implementation of sound reme
tion strategies, to predict metal stability in soils over tim
and to successfully model the fate of trace metals in soil

The type and stability of metal sorption complex
formed at solution–particle interfaces depend on the
lution conditions (pH and ionic strength) and the so
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phase present. Phyllosilicates and metal-(oxy)hydrox
are among the most reactive minerals in the environmen[4].
The sorption mechanisms of metals on these individual
bents are reasonably well understood. However, many m
oxides and oxyhydroxides, including iron oxides (i.e., fe
hydrite, goethite, and hematite) occur in the environmen
reactive surface coatings on phyllosilicates. These coating
often discrete particles in the nanosize range, are the res
weathering of primary minerals and subsequent repreci
tion [5]. Little is known on the effect of metal oxide coatin
on the intrinsic sorption mechanisms of trace metals to
mineral surfaces, although in the most extreme scena
these coatings could dictate metal uptake instead of the
derlying clay mineral. The presence of organic coatings[6,7]
and biofilms[8] have in some instances been shown to af
total metal uptake by the mineral surfaces, but not to cha
the intrinsic metal uptake mechanism of the underlying m
eral surface.

http://www.elsevier.com/locate/jcis
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Among potentially toxic trace metals, zinc (Zn) is one
the most widespread contaminants in the environment[9]. It
accumulates in soils by atmospheric deposition origina
from smelting operations and by agricultural applicatio
of sewage sludge and agrochemicals[10–13]. Zinc plays an
essential role in cellular systems and enzymes[14]. A defi-
ciency of Zn in animals and humans can lead to anorexia
growth depression[14]. Although Zn is relatively non-toxic
elevated levels of Zn are detrimental to the environment
acidic pH values, Zn toxicity to plants is the third most co
mon after Al and Mn[15].

The partitioning of Zn to phyllosilicate minerals h
been extensively studied, see for example reviews in[1,4].
In acidic to near neutral environments, Zn partitioning
phyllosilicate surfaces mainlyoccurs by electrostatic in
teractions, due to a net negative structural charge de
oped within the octahedral layers of phyllosilicates (due t
isomorphic substitutions), and by specific chemical bi
ing to hydroxyl edge sites. At higher solute concen
tions and pH> 6.5, Zn, similar to Ni and Co, can b
incorporated into neo-formedprecipitates, formed at th
surfaces of phyllosilicate minerals[16–19]. These sur-
face precipitates form at solution conditions unders
rated with respect to homogeneous precipitation. Dep
ing on the type of phyllosilicate mineral present, initially
mixed metal–Al layered double hydroxide (Me–Al LDH
is formed, with the structural formula generally writt
as [Me2−

1−xMe3+
x (OH)2]x+·(x/n)An−·mH2O]. Interestingly,

with increasing reaction time, the anionic species in
interlayer space of the LDH can be replaced by silica p
mers transforming the LDH gradually into a more sta
precursor Me–Al phyllosilicate[19]. And therefore, the in
corporated metal becomes increasingly stable with respe
weathering[19,20]. Thus, the incorporation of metals in
neo-formed surface precipitates could potentially lead
long term sequestration of the bioavailable metal fractio
the environment at neutral pH[12].

Goethite (α-FeOOH) is one of the most common iro
oxides in soils[21] and often occurs as coatings on c
minerals[22]. Macroscopic and spectroscopic studies h
shown that Zn partitioning to goethite at neutral pH mai
occurs by chemisorption[23–25]. Coughlin and Stone[26]
however, found an increasingly stable fraction of Co,
and Cu sorbed to goethite with aging. It was propo
that, similar to the formation of Me–Al LDH precipitate
on clay mineral surfaces, micro-scale formation of me
spinels, (Me2+, Fe2+)Fe3+

2 O4, at the goethite surface ma
have caused the net increase in sorption and the subse
decrease in the ability to desorb partitioned metals. Altho
in our systems no Fe2+ is added, and thus the formation
spinel is warranted, the possibility of the formation of
containing surface precipitates with longer reaction time
investigated further.

In this paper we systematically investigated the ef
of crystalline iron oxide (goethite) coatings on the mec
nisms of Zn sorption to kaolinite, an ideal 1:1 clay mine
nt

in order to obtain a better understanding of the effec
metal oxide coatings on the intrinsic metal sorption mec
nism to clay minerals. A heterogeneous suspension rea
was used to obtain a stable goethite coating at the ka
ite surface[27]. The advantage of using this method is t
the resulting surface coating consists of crystallographic
pure and well-characterized goethite in contrast to traditio
coating methods, where iron oxide coated clay particles
synthesized by adding base to an acidic Fe(III) solutio
the presence of the clay[28,29]. The sorption complexe
formed at the goethite-coated kaolinite surface and the
dividual sorbents are delineated using XAFS spectrosc
and systematically studied as a function of pH (5 and 7),
ing time, and surface loading.

2. Materials and methods

2.1. Materials

The kaolinite used in this study was a well-crystalliz
Georgia kaolinite (Clay Mineral Society source clay, KGa
Carbonates and exchangeable divalent ions were rem
from the kaolinite by reaction with a NaOAc buffer at pH
in a near boiling water bath[30]. Organic matter was re
moved by treating the kaolinite with H2O2. Iron oxides were
removed with a dithionite–citrate–bicarbonate mixture i
80◦C warm water bath. The resulting kaolinite was was
twice with 1 M NaCl, and twice with DI water to conve
the clay into the homoionic Na form. The<0.2 µm fraction
was separated by centrifugation,dialyzed against DI wate
and freeze-dried. The specific surface area of the resu
kaolinite was determined by a five point N2 Brunauer–
Emmett–Teller (BET) gas adsorption isotherm method
was 14.01 m2 g−1.

A well defined goethite was synthesized according to
method outlined in Schwertmann et al.[21] and modified
by Peak et al.[31]. Initially, ferrihydrite was precipitated
by adding 50 ml of a 1 M ferric nitrate solution to 450 m
of 1 M KOH. The suspension of amorphous hydrous fe
oxide was aged for 21 days at 25◦C to obtain crystalline
goethite. This suspension was washed via centrifuga
where the supernatant was replaced with DI water to rem
residual KOH. The rinsed solid was re-suspended in 0.
HCl and shaken for 2 h using a mechanical shaker[31].
This treatment was used to remove any remaining ferr
drite from the surface of the goethite. The acidified goet
suspension was then washed with DI water to remove H
dialyzed against DI water, and freeze dried. The BET sur
area of the goethite was 66.49 m2 g−1.

Coatings of this well-defined goethite on the kaol
ite surface were prepared using the method of Schei
ger et al.[27]. Two separate batches were prepared wh
yielded different amounts of goethite coatings on the ka
nite surface. Essentially, 200 and 400 mg of goethite w
mixed with 2.5 g of kaolinite in 200 ml of a pH 7.5 an



M. Nachtegaal, D.L. Sparks / Journal of Colloid and Interface Science 276 (2004) 13–23 15

en

um
s
tion
en
ted

and
a

in-
MS)
s-
igh
this
ite-

lec-
the

H 7
ge

d at
ded

ni-
of

ght
ar-
id
his

at-
and
he
n

ted
ing,
ed

fer,

n
ty,
ge

n
sion

ll

on a
ere
re
h a
he

ylic
ide
ss
e

ng
n
er-
de
hod
.7
t of

e
),
on
eam
wo
m.
30%
po-
int
tra
tle

sys-
een
. The

st
l

.1

ion
dge
rgy
nits

pli-
b-
ith
facts
I = 0.01 M NaNO3 solution. This suspension was shak
for 48 h and re-suspended three times in a NaNO3 solu-
tion at the pH and ionic strength of the reaction medi
(pH 7, I = 0.1 M NaNO3). The coated kaolinite particle
were washed several times with the background solu
and finally with DI water. The resulting solids were ov
dried at 110◦C. Four samples (100 mg each) of the coa
kaolinite were dissolved in 2 ml HNO3 (95%) and 1 ml HF
(40%) to determine the extent of the goethite coating. Al
Fe concentrations in the clear solution were measured on
Finnigan ELEMENT 1 high resolution magnetic sector
ductively coupled plasma mass spectrometer (HR-ICP-
at the National High Magnetic Field Laboratory (Tallaha
see, FL). A mass balance indicated that 6.1 and 10.7 we
percent goethite was coated on the kaolinite surface by
method. The BET surface areas of the resulting goeth
coated kaolinite were 16.56 and 22.01 m2 g−1, respectively.
The extent of coating was also checked with scanning e
tron microscopy (SEM) using a Hitachi SEM S4700 at
Delaware Biotechnology Institute.

2.2. Zn adsorption isotherms

Adsorption isotherms were conducted at constant p
and room temperature. In 250 ml polyethylene centrifu
bottles, 100 ml of a 0.1 g L−1 kaolinite, goethite, or 10 wt%
goethite-coated kaolinite suspensions were equilibrate
pH 7 for 24 h under constant agitation. Zinc was then ad
from an acidified 0.1 M Zn(NO3)2 solution, to achieve ini-
tial Zn concentrations ranging from 0.01–1.0 mM. The i
tial zinc concentrations were chosen below the solubility
Zn hydroxide, but for the 0.8–1.0 mM samples they mi
have been above the solubility of Zn–Al LDH and Zn c
bonate[16]. A 0.05 M 2-4-(morpholino)ethanesulfonic ac
(MES) buffer was used to maintain a constant pH. T
buffer does not interfere with metal sorption[32]. All ex-
periments were performed in a glove box at a nitrogen
mosphere, to prevent the formation of Zn-carbonates
hydrozincite. After centrifugation, Zn concentrations in t
supernatant were analyzed with flame atomic absorptio
spectrometry (AAS).

2.3. Preparation of Zn sorption samples for XAFS

Zinc sorption to kaolinite, goethite, and a goethite-coa
kaolinite were studied as a function of pH, surface load
and aging time. All sorption experiments were perform
in a glove box at constant pH, using a 0.05 M MES buf
and constant ionic strength (0.1 M NaNO3). At pH 5, max-
imum loading samples wereprepared by reacting 3 mM Z
with 10 g solid L−1. At pH 7, the solid suspension densi
reaction time and initial [Zn] were varied to achieve a ran
of loading levels (Table 1). To study the effect of reactio
time at pH 7, a new batch was prepared with a suspen
density of 10 g solid L−1 and an initial [Zn] of 1 mM. Zinc
from a 0.1 M Zn(NO3) stock solution was added in sma
t

increments. These resulting suspensions were placed
reciprocal shaker for 46 days. At day 4 and 46, samples w
collected for EXAFS analysis. All Zn reacted solids we
separated from suspension via vacuum filtration throug
0.2 µm filter to minimize the entrapment of aqueous Zn. T
resulting wet pastes were immediately loaded into acr
sample holders, which were sealed with Kapton polyam
tape (CHR Industries, type K-104) to avoid moisture lo
during analysis. The supernatants were analyzed on flam
AAS for Zn, to determine surface loading levels.

2.4. Preparation of reference compounds for
EXAFS analysis

A solvated Zn2+
(aq) reference was prepared by dissolvi

Zn(NO3)2 in DI water to obtain a total Zn concentratio
of 15 mM. The pH was adjusted to 5 to prevent polym
ization. A synthetic mixed Zn–Al layered double hydroxi
(LDH) reference was prepared at pH 6.3 using the met
of Taylor [33]. The final precipitate had a Zn:Al ratio of 1
based on total dissolution of the solid and measuremen
dissolved Zn and Al by flame AAS[16].

2.5. XAFS data collection and analysis

X-ray absorption spectrawere collected at beamlin
X-11A of the National Synchrotron Light Source (NSLS
Brookhaven National Laboratory, Upton NY. The electr
storage ring operated at 2.8 GeV with an average b
current of 180 mA. The monochromator consisted of t
parallel Si (111) crystals with an entrance slit of 0.5 m
Higher order harmonics were suppressed by detuning
from the maximum beam intensity. The monochromator
sition was calibrated by assigning the first inflection po
on the K-edge of a zinc metal foil to 9659.0 eV. The spec
were collected in fluorescence mode using an Ar-filled Ly
detector. Two sheets of Al (when Fe was present in the
tem), a 6 µm-Cu filter and soller slits were placed betw
the sample and the detector to reduce elastic scattering
incoming beam was measured with a N2-filled ion chamber.
All spectra were collected at room temperature and at lea
three scans were collected per sample to improve the signa
to noise ratio.

XAFS data reduction was performed using WinXAS 2
[34] following standard procedures[6,35]. The χ function
was extracted from the raw data by fitting a linear funct
to the pre-edge region and a spline function to the post-e
region, and normalizing the edge jump to unity. The ene
axis (eV) was converted to photoelectron wave vector u
(Å−1) by assigning the origin,E0, to the first inflexion point
of the absorption edge. The resultingχ(k) functions werek3

weighted to compensate for dampening of the XAFS am
tude with increasingk and were Fourier-transformed to o
tain radial structure functions (RSFs). A Bessel window w
a smoothing parameter of 4 was used to suppress arti
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�E0 (eV) χ2
res(%)

R (Å) σ2 (Å)2

−0.45 9.04

3.09 0.010 0.06 19.52
3.10 0.010

3.09 0.010 0.46 21.30
3.65 0.010 −0.15 31.33
3.11 0.010 0.68 31.96

3.13 0.010 0.64 12.62
3.19 0.010

3.10 0.011 −0.26 14.78
3.12 0.010

3.18 0.001 0.64 28.06
3.06 0.013 −1.87 25.12
3.15 0.012 1.71 10.67
3.13 0.010 0.78 16.52

3.10 0.010 0.22 16.77
3.09 0.010

3.11 0.010 0.76 17.38
3.14 0.010

3.18 0.010 0.62 19.18
3.07 0.010 0.57 15.89
3.19 0.011 1.05 14.16
3.11 0.010 0.35 20.46

3.11 0.010

Å for the first shell and±0.05 Å for the second shell),
Table 1
Experimental and structural parameters for Zn sorption and reference samples

Time (d) Γ (µmol/m2) [C]i s:s (g/L) Zn–O Zn–Zn/Fe/Al

CN R (Å) σ2 (Å)2 Atom CN

References

Zn2+
(aq) 15 6.0 2.07 0.009

Zn–Al LDH 6.2 2.07 0.008 Zn 4.3
Al 2.2

pH 5.0

Kaolinite 1.496 3 10.0 6.6 2.07 0.011 Al 1.4
Goethite 0.183 3 10.0 5.0 2.05 0.009 Fe 2.6
Kaol-6Goeth 0.889 3 10.0 6.6 2.06 0.015 Al 1.8

pH 7.0 surface loading

Kaolinite 1 2.818 1 5.3 6.3 2.05 0.013 Zn 3.6
Al 0.9

Kaolinite 7 2.171 1 8.0 5.2 2.03 0.010 Zn 4.9
Al 2.6

Goethite 1 2.033 1 5.3 6.1 2.04 0.013 Fe 0.8
Goethite 7 1.217 1 8.0 4.9 2.01 0.010 Fe/Zn 1.5
Kaol-6Goeth† 1 1.709 1 5.3 6.7 2.04 0.014 Zn 2.0
Kaol-6Goeth† 7 1.595 1 8.0 6.0 2.05 0.013 Zn/Fe 2.8

pH 7.0 reaction time

Kaolinite 4 1.408 1 10.0 5.5 2.02 0.013 Zn 1.2
Al 1.0

Kaolinite 46 1.597 1 10.0 6.2 2.03 0.010 Zn 3.9
Al 1.8

Goethite 4 1.260 1 10.0 6.0 2.04 0.014 Fe 1.0
Goethite 46 1.496 1 10.0 5.8 2.06 0.011 Fe/Zn 1.2
Kaol-10Goeth† 4 2.244 1 10.0 5.2 2.01 0.013 Fe 0.6
Kaol-10Goeth† 46 2.190 1 10.0 5.7 2.02 0.012 Zn/Fe 1.5

Al 0.9

Note. Γ = surface loading, [Zn]i = initial Zn concentration, s:s= solid:solution ratio, CN= coordination number (±30%),R (Å) = radial distance (±0.02
σ2 (Å)2 = Debye–Waller factor,�E0 (eV) = phase shift,χ2

res (%) = fit error, †= 6.6 wt% goethite coating and 10.7 wt% goethite coating.
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due to the finite Fourier filtering range between�k ≈ 1.5–
12.4 Å−1 for the kaolinite samples,�k ≈ 1.6–10.9 Å−1

for the goethite-coated kaolinite samples, and�k ≈ 1.7–
11.0 Å−1 for the goethite samples. The two major pea
below 3.6 Å in the Fourier transformed curves were isola
and backtransformed. AR range of≈0.7–3.6 Å was used
for the first two peaks of the kaolinite samples, aR range of
≈0.8–3.6 Å was used for the goethite-coated kaolinite s
ples, and aR range of≈0.8–3.2 Å was employed for th
goethite samples. These backtransformed peaks were fit ink
space. Structural parameters were extracted with fits to
standard EXAFS equation. Ab initio Zn–O and Zn–Zn/
scattering paths were generated using the FEFF 7.02[36]
code from the refinement of the structure of lizardite where
Zn or Al was substituted for Mg in octahedral positions[37].
Zn–O and Zn–Zn/Fe scattering paths were generated
the refinement of Franklinite. Optimization of the param
ters was performed with the energy shifts constrained t
equal and the amplitude reduction factor, (S0)2, fixed at 0.85.
The value for (S0)2 was obtained from fitting Znaqand fixing
the Zn–O coordination number to 6. A good fit was de
mined on the basis of the minimum residual error.

3. Results and discussion

3.1. Adsorption isotherms

The heterogeneous suspension reaction, used to coat
talline goethite at the kaolinite surface, yielded goeth
coatings of ∼6 and ∼10 wt%. A SEM image of this
goethite-coated kaolinite, collected at a 400-fold magnifi
tion showed 0.5–1 µm large hexagonal kaolinite platel
with 0.2–0.5 µm needle or rod shaped goethite parti
coated onto the kaolinite surface (Fig. 1).

Zinc adsorption isotherms in suspensions of kaolin
goethite, and 10 wt% goethite-coated kaolinite, are p
sented inFig. 2. None of the isotherms display typic
Langmuirian shape[2], with the possible exception of th
goethite-coated kaolinite. Thus, site saturation could no

Fig. 1. SEM photograph of the goethite-coated kaolinite, taken at a 400-fol
magnification. The hexagonal platelets are the kaolinite minerals and th
needle shaped rods are goethite particles.
-

estimated. The steep increase for the Zn kaolinite adsorptio
isotherm afterCf = 0.3 mM Zn, suggests that a Zn contai
ing phase was precipitating. The goethite-coated kaoli
surface seems to have a higher affinity for Zn than the ka
nite or goethite surface alone. This might be caused by
formation of extra sorption sites at the step sites cre
by the sorption of goethite particles onto kaolinite. No d
inite finding on the Zn sorption mechanisms taking pla
on these three solids can be derived from macroscopic
alone. EXAFS spectroscopic analysis was applied to ve
the sorption mechanisms in the different regions ofFig. 2
(Table 1).

3.2. Zn sorption at pH 5

Fig. 3A shows the rawk3-weightedχ spectra of aque
ous zinc, Zn/kaolinite, Zn/goethite, and Zn/goethite-coa
kaolinite sorption samples, reacted with 3 mM Zn at pH 5
for 2 days and a mixed Zn–Al layered double hydrox
(Zn–Al LDH) reference. The spectrum for Zn2+

aq has a single
wave frequency, and its amplitude monotonically decrea
with increasingk. This monotonic decrease withk is con-
sistent with the presence of a single ordered coordina
sphere. In contrast, theχ spectrum of the mixed Zn–Al LDH
has several distinct frequencies, resulting from multiple s
tering paths of higher atomic shells. Compared to theχ

spectrum of aqueous zinc, the phase of the wave frequ
of the Zn sorbed samples is slightly shifted. This indica
that these spectra contain the signature of more than
atomic shell, probably due to the formation of direct bon
with the mineral surfaces. The lack of very distinct frequ
cies in the spectra, such as is present in the spectrum o
synthetic Zn–Al LDH, indicates that no Zn containing pr
cipitates formed in the sorption samples. The rawχ spectra
of the sorption samples, and especially of the Zn/goet

Fig. 2. Zinc adsorption isotherms conducted on kaolinite, goethite,
10.7 wt% goethite-coated kaolinite. Experimental conditions:T = 294 K,
pH 7.0,I = 0.1 M NaNO3, suspension density of 0.1 g L−1.
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g
Fig. 3. (A) Thek3-weightedχ(k) of the pH 5.0 Zn adsorption samples, aqueous Zn and the synthetic Zn–Al LDH reference compound, (B) the correspondin
Fourier transforms (not corrected for phase shift), and (C) the fitted inverse Fourier transform of the two first shells of the Fourier transforms, withthe solid
lines representing the experimental data and the dotted lines the best fits.
that
ur-
f

s
os-
of

ns

ob-

hed
the

hift,

ent
f
d
d to

–Al
m-
th
-

nd
d

d
dis-
lowe
nd
d a

gth
ed
ug-
tion

ller
ll

ere
s of
Zn

f ei-
dy

ers,
m
ces
y-

udy
ili-
und

ups)
Ni

r Ni

best
ion
xyl

sur-
sorption sample, are very noisy. This is due to the fact
very little Zn could actually be sorbed onto the mineral s
faces at pH 5 (Table 1). The point of zero charge (pzc) o
goethite is around 8[4], which means that at pH 5 it i
positively charged. This positive charge might repel the p
itively charged Zn ions away from the surface. The pzc
kaolinite lies around 5, therefore it is not repelling Zn io
and a much higher surface loading could be obtained.

Fig. 3B shows the radial structure functions (RSFs)
tained by Fourier transforming the rawχ spectra. The main
peaks in the RSF were backtransformed tok space (Fig. 3C)
and fit with scattering paths calculated with FEFF 7 (das
lines). Structural parameters obtained from best fitting
backtransformedχ spectra are listed inTable 1.

The RSF of aqueous zinc, not corrected for phase s
displays only one peak located atR + �R = 1.8 Å, which
was fitted with 6 oxygen atoms at 2.07 Å (Table 1). This
coordination number and bond length is in good agreem
with previous work[38] and with a sixfold coordination o
Zn2+ by water[39]. The first peak for the Zn/goethite an
Zn/goethite-coated kaolinite samples seems to be shifte
a lower radial distance, compared to Zn (aq), the Zn
LDH, and the Zn/kaolinite sorption sample. Zn(II) is co
monly found in both four- and sixfold coordination wi
oxygen atoms[40]. The Zn–O first-shell coordination num
ber is well correlated with bond length, with Zn–O bo
lengths of≈1.96 Å typical of fourfold coordination, an
Zn–O bond lengths of≈2.08 Å typical of sixfold coordi-
nation[41]. A shift of the first peak of the Zn/goethite an
Zn/goethite-coated kaolinite samples to shorter bond
tances, suggest that these two sorption samples have a
coordination number than the sixfold coordination fou
for aqueous zinc. However, fitting results only indicate
r

slighter shorter (within the reported fitting error) bond len
of 2.05 Å for Zn/goethite and 2.06 Å for goethite-coat
kaolinite. The coordination number of approximately 6 s
gests that Zn is in an octahedral environment in all sorp
samples.

All three sorption samples exhibit one or two sma
peaks at larger radial distances (Fig. 3B). The second-she
feature in the Zn/kaolinite sample is best fit with∼1 Al atom
at 3.09 Å, indicating that Zn is sorbed as an inner-sph
sorption complex to aluminol groups on the edge site
the kaolinite. In a study on the sorption mechanisms of
to an acidic forest soil (pH 5.5), Voegelin et al.[42] found
significantly shorter Zn–Al bond distances of∼2.99 Å and
attributed these to aluminol groups on edge surfaces o
ther phyllosilicates or amorphous Al hydroxides. In a stu
on the sorption mechanisms of Zn on aluminum powd
Trainor et al.[43] found Zn–Al bond distances ranging fro
2.95 to 2.99 Å, suggesting that the Zn–Al bond distan
found by Voegelin et al. are indicative of Zn sorbed to Al h
droxides, and the Zn–Al bond distances found in this st
characteristic of Zn sorbed onto Al edge sites of phyllos
cates. Similar bond distances (3.06–3.09 Å) have been fo
for the sorption of Zn on the edge sites (magnesium gro
of hectorite[44]. In a study to the sorption mechanisms of
onto edge sites of montmorillonite, Dähn et al.[45] showed
by using polarized EXAFS spectroscopy that the smalle
binds to aluminol edge groupsof montmorillonite to 2 Al
atoms at 3.00 Å.

The second shell feature in the Zn/goethite sample is
fit with ∼2 Fe atoms at 3.65 Å, suggesting the format
of a bidentate inner sphere sorption complex with hydro
groups of the goethite surface. However, the very low
face loading (0.183 µmol/m2, Table 1) gave rise to a very
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ase
Fig. 4. (A) Thek3-weightedχ(k) of the high surface loading, pH 7.0 Zn adsorption samples, (B)the corresponding Fourier transforms (not corrected for ph
shift), and (C) the fitted inverse Fourier transform of the two first shells of the Fourier transforms, with the solid lines representing the experimental data and
the dotted lines the best fits.
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noisy spectrum, which leads to a high uncertainty in the
of the second shell feature. Similarly, Trivedi et al.[24] re-
ported 2–3 Fe atoms at 3.54 Å for Zn sorption to goeth
at pH 6.0 and attributed this to the formation of an inn
sphere sorption complex. They also reported Zn in tetra
dral coordination with O, while in our system Zn is alwa
in octahedral coordination. These differences in Zn coo
nation might be caused by differences in crystallinity of
starting material (see discussion for pH 7 sorption samples

The RSF for the Zn/goethite-coated kaolinite sample
played a second and a third shell. The second shell is a
same position as the second shell in the Zn/kaolinite s
trum and the third shell is at the same position as in
Zn/goethite spectrum (Fig. 3B), suggesting that Zn sorptio
in a goethite-coated kaolinite suspension is a combinatio
Zn sorption on both kaolinite and goethite surfaces. Again
the rawχ spectrum is noisy, due to the low (0.889 µmol/m2)
surface loading. The best fit, but with a high uncertain
to the backtransformedχ spectrum indicated only two A
atoms at 3.11 Å, suggesting that a bidentate sorption c
plex is formed with the aluminol edge sites of the kaol
ite.

3.3. Zn sorption at pH 7

The rawk3 weightedχ spectra, their Fourier transform
and the fitted backtransformedk3-weigthed spectra of th
Zn sorption samples, prepared at pH 7, are shown inFigs. 4
and 5. Zn sorption samples with increasing surface loading
were prepared, representing different regions in the Zn
sorption isotherms (Fig. 2). Different surface loadings wer
achieved by varying the solid:solution ratio and the reac
time (Table 1). The higher surface loading samples are d
Fig. 5. Comparison of EXAFS-derived Zn–O distance in Zn–Al LD
and sorption samples to Zn–Al ratio calculated by dividing CNZn–Zn by
CNZn–Al. Reaction time and total Zn solid loading (italics, mg/kg) are
shown next to the corresponding data points.

played inFig. 4. The rawχ spectra of the kaolinite sample
and the goethite-coated kaolinite samples look very s
lar and compare well with theχ spectrum of the syntheti
Zn–Al LDH. The similarities in these spectra indicate th
Zn containing solid phases, similar in structure to the s
thetic Zn–Al LDH, were formed at the kaolinite and th
goethite-coated kaolinite surfaces. The rawχ spectra of the
Zn/goethite sorption samples are noisy, although reason
surface loadings were achieved. This may have been ca
by Fe fluorescence from the iron oxide degrading the
EXAFS signal. Theχ spectra of the Zn/goethite sorptio
samples are distinctly different from the other Zn sorpt
samples and lack the high frequency patterns found in
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other Zn sorption spectra. In fact, the wave frequency is v
similar to the ones observed for the pH 5 Zn sorption s
ples, suggesting that at pH 7, Zn formed an inner sp
sorption complex with hydroxyl groups of goethite, rath
than a precipitate phase.

The RSF of the pH 7, high surface loading samples a
contain two dominant shells (Fig. 4B). The first shell, at a
radial distance of∼1.8 Å, was fit with∼6 oxygen atoms a
2.02–2.06 Å, which is indicative of octahedral coordinat
around the Zn atoms (Table 1). The second shell for the Z
sorbed kaolinite was fit with 3.6 Zn atoms at 3.13 Å, a
0.9 Al atoms at 3.19 Å for the 2.818 µmol/m2 surface load-
ing sample, and 3.9 Zn at 3.10 Å and 2.6 Al at 3.12 Å
the 2.171 µmol/m2 sample (Table 1). These bond distance
and coordination numbers are in agreement with bond
tances found in a study of the Zn sorption mechanism
pyrophyllite, a 2:1 clay mineral, at pH 7.5[16]. The only
solids that could be formed in our system, sharing the s
type of local structure are Zn–Al layered double hydrox
(Zn–Al LDH), Zn phyllosilicate and Zn3(OH)4(NO3)2, of
which Zn–Al LDH and Zn phyllosilicate are the most like
phases to form[16]. Unfortunately, neo-formed Zn phy
losilicates and Zn–Al LDH have a very similar structu
and can only be distinguished from each other with po
ized EXAFS spectroscopy. In their study, Ford and Spa
[16] observed the formation of a Zn–Al LDH phase at
pyrophyllite surface at every surface loading studied, with a
increasing Zn–O bond length with increasing surface lo
ing levels. This increase in Zn–O bond length can also
observed in this study (Fig. 5). This increasing Zn–O bon
length was attributed to an increase of the Zn:Al ratio in
octahedral layer with increasing loading levels. The expla
tion lies in the atomic radii of the atoms. Since the Al atom
radius is smaller than that of Zn, the larger the Zn:Al ra
the larger the Zn–O and Zn–Zn bond distances have to
accommodate both Al and Zn in the solid structure. Our
sults suggest that the number of Al atoms incorporated
the octahedral layer of the Zn–Al LDH surface precipitate i
determined by the equilibration time (Fig. 5 andTable 1).
The longer the metals are allowed to react with the c
mineral surface, the more Al becomes available by m
promoted dissolution of the clay structure, which can the
be incorporated into the neo-formed precipitate. Also,
Zn–O bond lengths corresponding to a certain Zn:Al ra
differed significantly in the synthetic precipitate compare
to the solids formed at the clay mineral surfaces (Fig. 5).
This can be attributed to the incorporation of other me
(such as structural Fe and Mg from the clay minerals)
the solids formed at the clay mineral surfaces.

Second shell fitting for the Zn/goethite sorbed samples
vealed that Zn in the high surface loading sample is bo
to 1 Fe atom at 3.18 Å. This result corresponds with
findings of a study by Schlegel et al.[25] to the Zn sorp-
tion complexes formed at the goethite surface. At pH 7 t
found that Zn, in octahedral coordination, binds to 1 Fe a
at 3.00 Å and 1 Fe atom at 3.20 Å of the goethite surface,
responding to an edge sharing sorption complex. Cont
to our study and the study by Schlegel et al., Trivedi et
[24] found that at similar reaction conditions, Zn chang
to tetragonal coordination upon binding to 2 Fe atom
a radial distance of 3.51 Å. The different findings in the
three studies may well be related to the crystallinity of
goethite minerals or to the sorption kinetics. In our study
carefully removed any non-crystalline iron oxide with HC
When goethite is not washed carefully, the surface chem
of the remaining solid may resemble that of hydrous fe
oxide[31]. In an extensive study on Zn sorption onto fer
hydrite, a hydrous ferric oxide, Waychunas et al.[41] found
a change in the Zn coordination environment to tetrago
coordination upon binding two Fe neighbors of the ferri
drite at a radial distance of 3.44 Å. From a chemical po
of view, Zn has a completely filledd shell, therefore it doe
not gain or lose any energy when it changes from octahe
to tetrahedral coordination[40]. Zinc in the sodium nitrate
background solution is in octahedral coordination. There
it is expected that Zn changes its coordination sphere u
sorption to octahedral goethite only when sorption requ
structural rearrangement. Upon changing from an oct
dral to a tetrahedral bonding environment, 2 water molec
come off and entropy is gained.

In the lower surface loading sample, Zn was bound
1.5 Fe or Zn atoms at 3.07 Å. This bond distance is sim
to the Zn–Zn distances found in our synthetic Zn–Al LD
and for the precipitate formedat the kaolinite surface. Thes
results suggest that at lower surface loadings, Zn is inclu
in a surface cluster (similar in structure to brucite), wh
at higher surface loading, Zn forms inner-sphere comple
with goethite. Alternatively, since the low loading sam
was aged for 7 days, compared to 1 day for the high loa
samples, one could conclude that initially all Zn sorbs to
goethite surface and over time is included into a surface
cipitate/cluster, which is thermodynamically favored over
adsorption complex.

As inferred from the rawχ spectra, the Zn sorption com
plexes formed at the 6 wt% goethite-coated kaolinite sur
are very similar to the ones formed at the kaolinite surfa
On both the high and the low loading sample, depicte
Fig. 4, a surface precipitate formed: At the lower surfa
loading, a Zn-hydroxide formed, with 2 Zn atoms in t
second shell; at the higher surface loading, a Zn–Al L
formed with 2.8 Zn and 0.5 Al atoms in the second sh
The total number of atoms in the octahedral layer is lowe
than the total number of atoms inthe octahedral layer of th
precipitate phases formed at the kaolinite surface, sug
ing that the formation of a surface precipitate is retarded
the presence of a 6 wt% goethite coating. The finding th
Zn–Al LDH phase forms at the kaolinite, and the goeth
coated kaolinite surfaces at pH7 is significant since thi
potential metal sequestering mechanism could lead to
portant contaminant attenuation in certain soil types.
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ift),
ta a
Fig. 6. (A) Thek3-weightedχ(k) of the time series, pH 7.0 Zn adsorption samples, (B) the corresponding Fourier transforms (not corrected for phase sh
and (C) the fitted inverse Fourier transform of the two first shells of the Fourier transforms, with the solid lines representing the experimental dand the
dotted lines the best fits.
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3.4. Effect of aging time

Fig. 6shows the effects of aging time on the Zn sorpt
complex formed at the different solid surfaces. The ini
surface loadings were chosen to be relatively low (Table 1
andFig. 6). An increase in surface loading at the goeth
and kaolinite surface occurs with longer reaction times, an
in the case of kaolinite corresponds with an increase in in
sity of the second shell in the RSF (Fig. 6B). In the case of
goethite, the second shell peak position shifts to lower ra
distances with increasing reaction time (Fig. 6B).

Fits to the first shell indicated that Zn sorbed on all th
solids was octahedrally coordinated by 5.5–6.6 O atoms
radial distance of 2.02–2.06 Å. After 4 days, Zn was bou
at the kaolinite surface to one Zn atom at 3.10 Å and one
atom at 3.09 Å. These Zn–Zn/Al distances are again ind
tive of the presence of a Zn–Al LDH. The low second sh
coordination numbers indicate that instead of a fully dev
oped precipitate, a smaller surface cluster may have form
An increase in the number of atoms in the octahedral laye
to 3.9 Zn atoms at 3.11 Å and 1.8 Al at 3.14 Å was recor
for the Zn sorption sample aged for 46 days. This expla
the observed increase in intensity of the second shell in
RSF, and is indicative of the growth of a surface precipit
over time.

The shift of the second shell feature in the RSF of
Zn/goethite sorption sample with increasing reaction tim
lower radial distances indicates a shift in the major sorp
mechanism. The second shell of the 4 day reacted goe
spectrum was fit with one Zn–Fe neighbor at 3.18 Å, wh
is indicative of a monodentate inner sphere Zn sorp
complex (see discussion above). After aging the Zn-reacte
goethite suspensions for 46 days, a Zn–Zn/Fe coord
tion number of 1.2 was found, at a significantly shorter
.

dial distance of 3.07 Å (Table 1). Following the discussion
above, only a Zn hydroxide precipitate, similar in struct
to brucite, can be formed in our system that shares the s
short range order. Our adsorption studies were performe
a nitrogen atmosphere and at concentrations undersatu
with respect to homogeneous precipitation, which exclu
the formation of any other solid phase that could potenti
share the same short range order. These results confirm
result obtained from the loading samples (Fig. 4), in that
Zn binds initially directly to the goethite surface, but ov
time is incorporated into a Zn hydroxide like surface clus
suggesting that the incorporation of Zn into a Zn hydrox
phase is thermodynamically more favorable than the for
tion of adsorption complexes on goethite.

The spectroscopic results of this study provide a plaus
explanation for other research[26, and references therein
where an increasing stable metal fraction, with respec
acidification, was observed at the goethite surface after a
the metal reacted goethite. Coughlin and Stone[26] found a
rapidly desorbing metal fraction and a slowly desorbing fr
tion of adsorbed metal upon acidification, with the slow
desorbed fraction increasing in significance with longer
ing times for metals such Ni, Co, and Cu, but not for P
The labile metal fraction in their study is most likely the a
sorbed metal fraction, which decreases over time. Whe
the stable metal fraction represents the metal fraction in
porated into a metal layered double hydroxide (Me–LD
and increases with reactiontime. The ionic radius of Pb i
presumably too large to fit into the LDH structure, expla
ing why it does not show this biphasic desorption behav
Since Fe2+ is not present in our system, this rules out
possible restructuring of the goethite surface into some
of spinel like structure.
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Using the same initial solution conditions, much high
Zn surface loadings were achieved at the 10 wt% goet
coated kaolinite surface compared to the goethite or ka
nite alone. A similar trend was observed in the absorp
isotherms (Fig. 2), which suggests that the coated kaolin
complex had a much higher sorption capacity. Some releas
of Zn was observed after aging the Zn reacted goeth
coated kaolinite for 46 days.This Zn release led to a lowe
surface loading and suggests a change in the major
tion mechanism. After aging the Zn reacted goethite-co
kaolinite for 4 days, the best fits (Table 1) indicated that the
main Zn sorption mechanism is the formation of a monod
tate innersphere complex with goethite, with Zn bound
∼1 Fe atom at 3.19 Å. These results differ from the 6 w
goethite-coated kaolinite, where the formation of a Zn LD
surface precipitate seemed tobe the major sorption mech
nism. Thus, the larger amount of goethite at the surface
determine the initial metal sorption behavior of the goeth
coated kaolinite.

Similar to the effect of aging on the Zn sorption comp
formed at the goethite surface,after aging the Zn sorptio
complex formed in the 10.7 wt% goethite-coated kaolin
suspension, a change in the major sorption mechanism
place. After an incubation time of 46 days, Zn is bound
1.5 Zn/Fe atoms at 3.11 Å and 0.9 Al atoms at 3.11 Å. T
corresponds to the transition from an adsorption comple
the incorporation of Zn into a mixed Zn/Fe–Al LDH surfa
precipitate.

In conclusion both the extent of the iron oxide coat
and the reaction time determine the final Zn sorption c
plex formed at the goethite-coated kaolinite surface. With
goethite surface coating of 6 wt%, Zn immediately forme
Zn hydroxide precipitate at the kaolinite surface which, w
increasing reaction time resembled more a Zn–Al LDH. This
suggests that Al became increasingly available over tim
the 10.7 wt% goethite-coated kaolinite suspensions, Zn
formed an inner-sphere sorption complex with the surf
hydroxyl groups of goethite. This indicates that goethite
a higher affinity for Zn than the kaolinite clay mineral
the neo-formed precipitate phase. Over time, the inclu
of Zn into a Zn–Al LDH precipitate became the domina
sorption mechanism. This suggests that the formation
precipitate phase at the kaolinite surface is thermodyn
cally favored over adsorption on the goethite coating. M
studies are needed to determine the effect of reaction kinet
ics on the sorption complexes formed.

4. Summary

EXAFS spectroscopic studies of the Zn sorption co
plexes formed at the kaolinite, goethite, and goethite-co
kaolinite surfaces under a range of reaction conditions
dicated that at pH 5, Zn formed inner-sphere sorption c
plexes with all solids studied in this study. A monodent
inner-sphere sorption complex was formed at the kaoli
-

s

surface, with Zn binding to Al–OH edge groups at a rad
distance of 3.09 Å. Our results suggested that Zn form
bidentate inner-sphere complex with hydroxyl groups at
goethite surface, with Zn–Fe distances of 3.65 Å. The R
of the Zn sorption complex formed at the goethite-coa
kaolinite surface suggested a combination of the sorp
mechanisms of Zn to the individual sorbents, however, o
Zn bound to Al–OH edge groups of the kaolinite could
fitted.

The sorption complexes formed at pH 7 changed w
surface loading levels and reaction time. At the kaolinite
face, Zn was incorporated into a mixed metal Zn–Al laye
double hydroxide already at low loading levels. This n
formed surface precipitate increased in size with increasin
aging time. At the goethite surface, Zn initially formed
monodentate inner-sphere sorption complex, with Zn b
ing to one Fe atom at 3.18 Å. With increasing reaction t
however, the major Zn sorption mechanism changed to
formation of a zinc hydroxide surface precipitate.

Both the extent of the iron oxide coating and the re
tion time determined the type of Zn complex formed at
goethite-coated kaolinite surface at pH 7.0. With a surf
coating of 6 wt%, Zn was immediately incorporated into
Zn–Al LDH surface precipitate. In the presence of a 10 w
goethite coating, the initial dominant sorption mechan
was the formation of an inner-sphere sorption comple
Zn with the surface hydroxyl groups of goethite. This in
cated that at pH 7.0, goethite has a higher affinity for
compared to the kaolinite clay mineral or the surface preci
itate. With increasing aging time, the inclusion of Zn into
precipitate phase (similar in structure to brucite) took o
as the dominant sorption mechanism. This suggests tha
formation of a precipitate phase at the kaolinite surfac
thermodynamically favored over adsorption to the goet
coating.
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