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Abstract

Zinc sorption to hydrous manganese oxide (HMO)-coated clay was investigated macroscopically, kinetically, and spectroscopically. Adsorption
edges and isotherms revealed that the affinity and capacity of the HMO-coated montmorillonite was greater than that of montmorillonite, and when
normalized to the oxide present, the coatings behaved similarly to the discrete Mn oxide. Over two pH conditions, 5 and 6, a linear relationship
was observed for the isotherms; further analysis with X-ray absorption spectroscopy (XAS) resulted in one type of sorption configuration as a
function of loading and ionic strength at pH 5. However, at a surface loading of 1073 molyz, gﬁido_ coated clay when the pH increased from 5
to 7, the first shell distance decreased slightly, while the atoms and coordination numbers remained the same; this change may be attributed to an
increase in electrostatic interactions. After a contact time of 4 months where an additional 60% of the sites become occupied, the slower sorption
process was modeled as intraparticle surface diffusion. Best fit diffusivities ranged from 10718 t0 10717 cm? /s, where a slower process was
observed for the coated surface as compared to the discrete oxide. Interestingly, the porosity of the Mn oxide coating appears to be influenced
by the substrate during its growth, as its increase and shift to a smaller pore size distribution resulted in a diffusivity between that observed for

discrete HMO and montmorillonite.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Oxides of manganese are important components in soils
and sediments and major sinks for metals released into the
environment from various sources [1-6]. Although a number
of researchers [6—10] have studied manganese oxides, little is
known about their interactions with clay. The association of
oxide and clay minerals has been observed naturally as an in-
tegral part of soils, sediments, and stream deposits where Mn
oxides form abiotically and biotically [11-15]. In an earlier
study [16], we evaluated the surface properties and molec-
ular structure of hydrous Mn oxide (HMO)- and crystalline
Mn oxide-coated montmorillonite. These surface oxide coat-
ings resulted in a larger surface area that dominated the sur-
face charge, potentially controlling metal mobility and avail-
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ability. Zinc has been observed to be strongly associated with
Mn/Fe (oxyhydr)oxides and phyllosilicates in, for example, the
fine-grained fraction of dredged sediment which controlled its
behavior in the environment [17]. Consequently, a number of
studies have focused on Zn speciation and sorption complexes
on discrete Mn oxides [6,8—10] and to a lesser extent in hetero-
geneous systems representative of soils and sediments [18-20].
X-ray absorption spectroscopic (XAS) techniques have been
employed extensively to elucidate sorption mechanisms and ob-
tain molecular-level information. Trivedi and co-workers [6,10]
observed outer-sphere complexation of Zn on HMO with oc-
tahedral coordination, while Manceau et al. [21] used polar-
ized extended X-ray absorption fine structure spectroscopy
(EXAFS) and found substitution of Zn in the interlayer of crys-
talline birnessite, resulting in a tridentate corner-sharing inter-
layer complex. Pan et al. [22] reported inner-sphere complex-
ation with edge-sharing linkages between ZnO4 ¢ polyhedron
and MnOg octahedra in manganite (y-MnOOH). Bochatay and
Persson [8] observed the transformation of a mixture of tetra-
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hedral and octahedral complexes on y-MnOOH to a tetrahedral
structure exclusively as pH increased. Zn sorption on Mn oxides
has been reported as both outer-sphere to inner-sphere, forming
either tetrahedral or octahedral complexes. On other surfaces
such as montmorillonite, Lee et al. [23] initially observed a
polynuclear complex that transformed to a Zn—Si precipitate as
a function of aging. Although its sorption to discrete mineral
surfaces has been studied extensively, little has been conducted
on Zn complexation with binary substrates of HMO and mont-
morillonite.

In this study, macroscopic, spectroscopic, and kinetic exper-
iments were employed to investigate the sorption behavior of
Zn and the effect of montmorillonite as a substrate for the Mn
oxide coating. Adsorption edges and isotherms were conducted
to investigate the effect of pH, ionic strength, and surface load-
ing. Concurrently, XAS studies were performed to evaluate the
effect of these conditions along with contact time. Moreover, to
better understand the slow sorption process, constant bound-
ary condition (CBC) experiments were employed for HMO,
HMO-coated clay, and montmorillonite at pH 7 to simulate the
subsurface environment. Results from these studies provide a
better understanding of zinc speciation and attenuation in the
presence of Mn oxide and montmorillonite.

2. Material and methods
2.1. Synthesis and characterization Mn oxide coating

Discrete HMO was prepared according to Gadde and Laiti-
nen [2], while the HMO-coated clay was prepared in the pres-
ence of montmorillonite. Na-montmorillonite (Swy-2) was ob-
tained from the Clay Mineral Society [24] and was pretreated
to remove of organic matter and other impurities [25]. The spe-
cific surface area of montmorillonite from BET analysis was
28 m? g~!, which is consistent with others [23]. From poten-
tiometric titrations, the pH point of net zero charge (pHpnsc)
was ~4.2 £ 0.5 and typically ranges between 2 and 10 [26,27].
Prior to precipitation of HMO on the montmorillonite surface,
a suspension of 0.69 gL.~! montmorillonite in 6.9 x 1073 M
Mn(NO3); was prepared in carbonate free deionized (DI) water
(by purging with high purity nitrogen gas (1 Lmin~! at 20 psi)
and then mixed for 24 h. Sodium permanganate (4.6 x 1073 M)
and NaOH (9.2 x 1073 M) were then added and the system
was aged for 3 h before centrifuging, rinsing with DI water,
and redispersing in 1.5 x 1072 M ionic strength (NaNOQ3) for
16 h prior to characterization. The HMO-coated montmoril-
lonite was characterized earlier [16]. Briefly, the coating was
observed to be amorphous with uniform coverage on planar sur-
faces; therefore, HMO dominated the surface charge with the
pHpnze of HMO-coated clay 2.8 £ 0.5. The surface area of the
coated systems (95 m”> g~!) increased while the pore size dis-
tribution decreased as compared to the external surface area of
montmorillonite and pore size of HMO, respectively. Moreover,
XAS of the Mn K-edge revealed that HMO and HMO-coated
clay potentially belong to a layered type structure of the phyl-
lomanganate family [16]. However, the long-range structure of
the oxide coating was not discernible.

2.2. Adsorption studies

Short-term adsorption studies were conducted with a contact
time of 4 h. In these studies, the amount of adsorbate added is
fixed, and equilibrium is achieved rapidly with the external sur-
face of the oxide [28]. Adsorption edges and isotherms were
used to assess the amount of Zn sorbed to HMO, montmoril-
lonite, and HMO-coated clay as a function pH (1.0-6.0), ionic
strength (1.5 x 1072-1.5 x 10~! M NaNO3), and loading which
ranged from 1078-10"2 moly, gs_olbem. Initial concentrations
were below the solubility limit of smithsonite, ZnCO3s) based
on Mineql+. All adsorption experiments were conducted in
250-mL polypropylene (Nalgene®) containers under turbulent
hydraulic conditions. One gL~! and 10~! gLL.=! of oxides and
coatings, respectively, were prepared for pH-edge and isotherm
studies. Solutions of 1072 and 10~! N of NaOH and HNOj3
were used for adjusting the pH, and stock solutions of Zn nitrate
were tagged with the radioactive isotope ®3Zn. After 4 h, sam-
ples were collected and filtered using a 0.2 um glass membrane.
The percent Zn sorbed on filter and container was negligible.
Zinc analyses were performed by measuring the activities of
957n in the total suspension and in the filtrate with a Beck-
man LS6500 Multipurpose scintillation counter. Long-term ad-
sorption studies were required for evaluating the slow sorption
process of intraparticle diffusion along microporous surfaces
(see, e.g., [6,28]). To observe this process and evaluate exper-
imental diffusivities in a convenient time frame, CBC studies
were conducted with HMO, HMO-coated clay, and montmo-
rillonite. The zinc ion concentration in the bulk aqueous phase
was maintained constant by monitoring and adding stock solu-
tion as needed.

2.3. X-ray absorption spectroscopy (XAS)

Spectra were acquired on beamline X11A of the National
Synchrotron Light Source at Brookhaven National Laboratory,
where the electron beam energy was 2.8 GeV with a beam
current of 260-280 mA. All spectra were collected at the Zn
K-edge (9.659 keV) using a Si (111) crystal monochromator
over the energy range of 9.509 to 10.408 keV. The wet pastes
of Zn sorbed on HMO, HMO-coated clay, and montmorillonite
were loaded into acrylic sample holders and sealed with Kapton
windows to prevent the loss of moisture. Data were collected
from transmission and fluorescence modes with nitrogen gas in
the ion chamber before (/y) and after (/;) the sample. Samples
were placed at 45° to the incident beam using a Lytle detector
filled with argon gas to collect fluorescence spectra. Harmonic
rejection was achieved by detuning 30% of Ij.

The XAS spectra were analyzed using WinXAS (Ver-
sion 2.3) [29] following standard procedures [30]. Background
X-ray absorbance was subtracted by fitting a linear polyno-
mial through the pre-edge region, and the edge jump of a
background-corrected spectrum was normalized with a zero or-
der polynomial over 9.759-9.859 keV. The threshold energy
(E() was determined from the first inflection point in the edge
region and was used to convert the spectra from energy to
k-space. An advanced spline function was employed to subtract
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Fig. 1. Zn adsorption edges of HMO, HMO-coated clay, and montmorillonite
with 10™! georbent L1, 10™2 M [Zn]o, a NaNOj based electrolyte, and 25 °C.

the isolated atomic absorption over the range 1.85-13.97 A

and convert the X-ray absorption fine structure (XAFS) spec-
tra to (x (k)), which were weighted by k3 to enhance the higher
k-space data. A Bessel window function was used in Fourier
transforms to produce the radial structure function (RSF) over

2.21-10.00 A for all standards and samples. RSFs were
fit with the reference model chalcophanite, ZnMn30O7-3H,0
[31], generated using FEFF7 [32]. The ratio of fluorescence
to transmission spectra for 1072 M Zn(NO3)3(aq) Tevealed an
average S(Z) of 0.80; this approach has been demonstrated effec-
tive [33]. Samples from adsorption studies were used where
the sorbed Zn concentrations were measured based on the
activity of ®Zn in duplicate studies. Suspensions were cen-
trifuged at 10,000 rpm for 20 min to obtain the wet paste.
Samples included ones from CBC studies with aging up to
4 months as well as short-term samples addressing the effect
of sorbent (HMO, HMO-coated clay and montmorillonite), ad-
sorbate loading from 10™* to 1072 molz, gs_oibem, pH 5-7, and
ionic strength from 1073 to 1072 (NaNOj based). Given the
volume of the wet paste (~1 mL) after centrifugation (and
even if the entire volume consisted of water) the Zn concen-
tration remaining in the aqueous phase would be 5 x 107 M
for the greatest loading, two to four orders of magnitude
less than the sorbed concentration and therefore not impact-
ing the spectra. In fitting, all parameters were floated and
the edge energy was constrained to being equivalent for all
shells in the fit. First, each shell was isolated and fit, and was
proceeded by multiple shell fitting over a radial window of
0.50-3.70 A.
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Fig. 2. Zn adsorption isotherms for HMO, HMO-coated clay, and montmoril-
lonite at pH 5 and 6, 1.5 x 10~2 jonic strength (NaNO3), and 25 °C. Adsorption
to HMO-coated clay has been normalized to HMO present, showing the linear
relationship (molzy sorbed g;)]rbem = Kp [Zn]eq, where RZ is greater than 0.8
and the error of Kp is approximately 30%). Circles identify XAS samples.

3. Results and discussion
3.1. Macroscopic adsorption study

Adsorption edges (Fig. 1) reveal the effect of ionic strength
was clearly observed for adsorption to montmorillonite, sug-
gesting outer-sphere complexes. Strawn et al. [34] observed
this type of complex when Pb sorbed to permanently charged
ion exchange sites of montmorillonite [34]. For HMO, ionic
strength effects were only seen at a pH less than 4 and for
a pH greater than 4, sorption may be dominated by inner-
sphere complexes. Li et al. [9] too observed similar edges at
pH greater than 4. In isotherms at pH 5 and 6 (Fig. 2), the
linear relationship between the sorbed and bulk aqueous con-
centrations suggests that adsorption can be described with one
average type of site. Given the limited solubility of Zn, the
isotherm was not observed to plateau, indicating a significant
site capacity as reported by others [35-37], ranging from 103
to 102 molmetal ion g_l. Interestingly, normalizing the sorbed
Zn on HMO-coated clay to the amount of oxide present as
coating (~0.32 gy, gc_liy [16]) reveals similar sorption affin-
ity to that of HMO. Nevertheless, the distribution coefficient
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Fig. 3. Zn K-edge x (k) - K3 spectra of Zn standard and Zn sorption samples as a function of surface loading (Iyo)jq = molz, g;ji ¢) with 10~2 ionic strength
(NaNO3) (collected at 25 °C along with Fourier transformed y (k) - K3 spectra over 2.21-10.00 A~ and fitted over 0.50-3.70 A. Solid lines represent the data and

dashed lines are the fit. HCM represents HMO-coated clay.

(Kp) of coated systems increases as compared to discrete sys-
tems, suggesting that morphological changes may result in in-
creased site capacity. These short-term studies suggest that Mn
oxide is a dominant surface for sorption. In following sec-
tion, the sorption configuration of Zn was investigated by using
XAS.

3.2. XAS analysis of Zn sorption

XAS spectra of Zn sorbed onto montmorillonite were rel-
atively similar to aqueous Zn’>* (Fig. 3). The fitting revealed
4.0-6.0 atoms of oxygen at a distance of 2.06 + 0.02 A in
the first shell (Table 1A), suggesting that upon adsorption Zn
does not lose its waters of hydration. Moreover, a second shell
was not observed, again consistent with outer-sphere complex-

ation. In contrast to this work, Lee et al. [23] observed that
initially Zn formed surface precipitates on montmorillonite at
pH 7, which transformed to a Zn-phyllosilicate-like phase after
20 days. Similar results were reported by Trainor et al. [38],
where Zn formed a mixed-metal Zn(II)-Al(III) coprecipitate
with a hydrocalcite-type structure between pH 7 and 8.2. In
this study, surface precipitation was not observed for pH less
than 7.

Comparing spectra for Zn sorbed on HMO-coated clay to
HMO, similar envelopes are seen (Fig. 3). The first shell was
fitted well with oxygen and second shell contributions were at-
tempted with Si, Al, Zn, and O as well as combinations of these,
but fitting was only accomplished with Mn. The amplitude of
the second shell in lower surface loadings (10~% molz, gs_oibent)

was greater than that of higher loadings (1072 molz, g;olrbem)
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Table 1

Fitting results for the first (O) and second (Mn) shells. Zn K-edge x (k) - K spectra were Fourier transformed over 2.21-10.00 A=lin k-space and fitted over

0.50-3.70 A in r-space

o Mn AE %Res
N R (A) o2 (A% N> R (A) o2 (A2 (V)
(A) Zn sorption as a function of sorbent and surface loading with 4 h reaction time
Zn(NO3)2(aq) 5.7 2.06 0.0136 - - - —1.64 7.3
Iclay = 1074, pH 6.6, 1S 1072 6.0 2.05 0.0053 - - —1.12 115
ICly = 1072, pH 5,18 1072 4.0 2.06 0.0008 - - - —7.60 9.6
Tmo = 1074, pH 6.6, 1S 102 6.9 2.05 0.0091 4.6 3.45 0.0069 —4.10 16.6
Tmo = 1072, pH 5,18 1072 6.6 2.06 0.0135 2.5 3.50 0.0099 0.57 8.8
Tycm = 1074, pH 6.6, 1S 1072 6.6 2.05 0.0093 39 3.45 0.0058 —3.48 16.6
Trem = 1072, pH 5,18 1072 7.7 2.04 0.0147 24 3.45 0.0109 —1.83 10.9
(B) Zn sorbed on HMO-coated clay as a function of pH, surface loading, and ionic strength with 4 h reaction time
Trem = 1072, pH 6, 1S 1072 7.6 2.01 0.0150 1.2 3.40 0.0079 —3.22 12.8
Tem = 1073, pH 5,18 1072 6.8 2.08 0.0130 3.2 3.50 0.0111 0.17 8.8
Tyem = 1072, pH 5,18 107! 7.7 2.06 0.0152 2.6 3.48 0.0110 —1.19 10.9
(C) Zn sorbed on HMO-coated clay as a function of contact time
Tem = 1073, pH 7, 1S 1072 7.5 2.01 0.0152 1.4 3.45 0.0025 —6.24 9.5
Trem = 1073, pH 7,18 1072 (CBC 1 month) 5.5 2.03 0.0098 4.1 3.43 0.0134 —0.71 11.2
Tem = 1.5 x 1073, pH 7, 1S 10~2 (CBC 4 month) 5.0 2.04 0.0095 4.5 3.43 0.0151 0.81 10.0

I is surface loading (Igo)jq = molz, g;)}id). N, R, and o2 represent the coordination number, distance, and variance. The quality of fits for Ny, N, R, and o2 are

+20%, £40%, £0.02, and £5%, respectively.
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Fig. 4. Inverse Fourier transform of the Zn sorption samples as a function of sorbent (Isolig = 1072 molzy, g;o%i 4) atpH 5 and 10~2 jonic strength (NaNO3). Solid
lines represent the data and dashed line is the LC fit of HMO-coated clay with 95% from Zn sorbed on HMO and 5% from Zn sorbed on montmorillonite.

(Fig. 3) and may be a result of a greater degree of disorder (¢2)
for the latter which would suppress the amplitude of the second
shell. Moreover, linear combination (LC) fitting based on prin-
ciple component analysis involved using back Fourier Trans-
formed data of Zn sorbed to HMO and montmorillonite at the
same condition and resulted in a 95% contribution from sorp-
tion to HMO and 5% from that of montmorillonite (Fig. 4). The

montmorillonite substrate potentially increases the site density
of the system; furthermore, it may contribute to morphological
changes in the HMO coating compared to the discrete min-
eral form. XAS spectra of Zn sorbed onto HMO-coated clay
at pH 5 revealed that the sorption configuration was invariant as
a function of surface loading and ionic strength, 10~! and 1072
(NaNO3) (Fig. 4 and Table 1B). An average of the fitting results
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transformed x (k) - k3 spectra over 2.21-10.00 A—1 and fitted over 0.50-3.70 A. Solid lines represent the data and dashed lines are the fit.

showed a first shell of 7.3 £0.9 atoms of oxygen at a distance of
2.06+0.02 A, while in the second shell 3.2+ 1.2 atoms of man-
ganese were found at 3.47 + 0.02 A. Interestingly, these bond
distances are relatively similar to Zn sorbed on birnessite [21],
suggesting octahedral coordination and tridentate corner shar-
ing complexes when sorbed on HMO and HMO-coated clay.
Trivedi et al. [10] observed approximately 7 oxygen atoms in
the first shell and 8 atoms of oxygen in the second shell, con-
cluding that the Zn ion retained its primary hydration shell. In
our study, while the first shell structure was equivalent to that
modeled by Trivedi et al., Fourier transforms were applied over
2.21-10.00 A~! and Trivedi et al. used 2.4-9.4 A~!. Because
of the increased k-space, second shell contributions have been
refined.

For loadings greater than 10~* molyz, gs_oibent’ as pH in-
creased from 5 to 7, the first shell distance decreased potentially
due to an increase in electrostatic interactions between Zn ions
and the surface (Figs. 5, 6 and Table 1). The effect of load-
ing was not clearly observed in this study; however, Manceau
et al. [21] found that Zn sorbed as tridentate complexes on
birnessite with tetrahedral coordination at low surface cover-
age (~8.0 x 1073 moly, molyy,) and octahedral coordination at
high surface coverage (>6.9 x 10~2 moly, molyy). Neverthe-

less, our work is consistent with these results where we have
seen octahedral coordination as was reported for the higher sur-
face coverage. In addition to evaluating adsorption mechanisms
in batch studies, CBC studies were included to evaluate the slow
sorption process.

3.3. Intraparticle surface diffusion of Zn

In the alternative CBC studies, slow sorption was observed
for all systems (Fig. 7). Because the oxide, oxide-coated clay,
and montmorillonite exhibit microporous structures, the sorp-
tion process may be described as a slow intraparticle diffusion.
Initially the amount of Zn sorbed corresponds to the isotherm
results for that sorbed to the external surface. Subsequently, the
amount of Zn sorbed to the oxide gradually increased due to in-
traparticle surface diffusion. In modeling, the assumption that
internal sites are no different than external ones has been vali-
dated recently in spectroscopic results for metals ions such as
Sr sorbed to hydrous iron and manganese oxide [39,40]. In our
work, the local coordination of Zn sorbed to HMO-coated clay
from a 4-month CBC study (where an additional 60% of the
sites became occupied as compared to 4 h contact time) (Fig. 6
and Table 1C) revealed that as surface loadings increased from
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Fourier transformed over 2.21-10.00 A~! and fitted over 0.50-3.70 A.

8.66 x 10~ to 1.48 x 107> molzn 211y10-conted clay- the bond dis-

tances of Zn—O and Zn—Mn averaged 2.03 and 3.43 A, which is
consistent with tridentate corner sharing octahedra [21]. Specif-
ically, the Zn structure consisted of 7.3+ 1.5 atoms of oxygen in
the first shell and 4.0 & 0.6 atoms of manganese in the second.
Furthermore, there was no evidence of surface precipitation or
solid solution formation as only Mn provided a good fit in the
second shell.

In modeling the slow sorption process of intraparticle sur-
face diffusion along micropores, the analytical solution to the
mass balance (see, e.g., [41,42]) given the CBC (as well as
the initial condition that contaminant was not present initially
(t = 0)) was integrated over the volume of the particle. Mini-
mizing the variance between experimental data and modeling
results, the only fitting parameter is surface diffusivity. Errors
associated with the model from the propagation of errors (POE)
method [43] are also shown. The POE analysis accounts for the
standard deviation in the number of particles as well as the error
in the distribution coefficient describing the mass adsorbed to
the surface. All data for the HMO systems fall within two stan-
dard deviations of the model. However, from the CBC study of
Zn sorption to montmorillonite (Fig. 7), a potential change was
observed after 25 days contact time. The shift in the amount
sorbed may reflect analytical and modeling errors or may be in-
dicative of a change in the sorption mechanism, as Lee et al.

[23] observed neoformation of a Zn phyllosilicate phase at the
montmorillonite surface after aging 20 days.

Studies with Zn sorption to HMO, HMO-coated montmo-
rillonite, and montmorillonite demonstrate that surface diffu-
sivities (Ds) range from 10718 t0 10717 cm?s~!. The Dg of
HMO-coated clay was 7 x 1078 ¢cm?s~!, which falls between
that for montmorillonite and HMO. These results indicate that
the microporosity of HMO-coated clay has contributions from
both the HMO and montmorillonite surfaces. Furthermore,
even though much of the clay surface is coated with HMO
(~90%) based on earlier characterization studies [16]; the ox-
ide morphology is potentially different from discrete ones. We
speculate that clay particles serve as a template for Mn oxide
when nucleation occurred; potentially changing the porosity,
pore size distribution, and particle size of oxide coating. There-
fore, the oxide-coated clay may exhibit unique characteristics
from the discrete oxide.

4. Conclusion

Macroscopic studies showed that the affinity and capacity
of the HMO coating was greater than that of montmorillonite,
and when normalized to the oxide present, the coatings behaved
similarly to the discrete oxide. A linear relationship was ob-
served for the isotherms at pH 5 and 6. Moreover, XAS resulted
in one type of sorption configuration as a function of loading
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Fig. 7. CBC studies of Zn sorption to 107! gL_1 HMO, HMO-coated clay, and clay at 25°C, 1.5 x 10~2 jonic strength with NaNOs3, pH 7, and a [Zn]pyk of
7.6 x 107 M for HMO-coated clay, 1.3 x 10~2 M for HMO, and 8.7 x 10~ M for clay.

and ionic strength at pH 5. Zn ions appear to associate with
the Mn oxide phase where inner-sphere complexes dominate
the sorption process, forming tridentate corner-sharing struc-
tures. After a contact time of 4 months where an additional 60%
of the sites become occupied, the slower sorption process was
modeled as intraparticle surface diffusion. Best fit diffusivities
ranged from 107! to 107! cm?s~!, where a slower process
was observed for the coated surface as compared to the discrete
oxide. Interestingly, the porosity of the Mn oxide coating ap-
pears to be influenced by the substrate during its growth, as its
increase and shift to a smaller pore size distribution resulted in a
diffusivity between that observed for discrete HMO and mont-
morillonite.
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