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Abstract

Zn(ll) sorption onto Al and Si oxides was studied as a function of pH (5.1-7.52), sorption density, and ionic strength. This study was
carried out to determine the role of the various reaction conditions and sorbent phases in Zn complexation at oxide surfaces. Extended X-ra
absorption fine structure (EXAFS) spectroscopy was used to probe the Zn atomic environment at the metal oxide/aqueous interface. Fc
both amorphous silica and high-surface-area gibbsite, Zn sorption kinetics were rapid and reached completion within 24 h. In contrast, Zr
sorption on low-surface-area-gibbsite was much slower, taking nearly 800 h for a sorption plateau to be reached. In the case of silica, EXAF
revealed that Zn was in octahedral coordination with first-shell oxygen atoms up to a surface loading of approximately 12ntaimging
to tetrahedral coordination as surface loading and pH increased. For the high-surface-area gibbsite system, the Zn—O first-shell distance w.
intermediate between values for tetrahedral and octahedral coordination over all loading levels. Zn formed inner-sphere adsorption complexe
on both silica and high-surface-area gibbsite over all reaction conditions. For Zn sorption on low-surface-area gibbsite, formation of Zn—Al
layered double hydroxide (LDH) occurred and was the cause for the observed slow Zn sorption kinetics. The highest pH sample (7.51) in
the Zn—amorphous silica system resulted in the formation of an amorphous Znf@adjpitate with tetrahedral coordination between Zn
and O. Aging the reaction samples did not alter the Zn complex in any of the systems. The results of this study indicate the variability of
Zn complexation at surfaces prevalent in soil and aquatic systems and the importance of combining macroscopic observations with method
capable of determining metal complex formation mechanisms.
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1. Introduction clay minerals and organic matter, which occur as the result
of weathering of minerals bearing the elements in the ox-
The migration of potentially toxic metal ions in soil and ides (Fe, Al, Mn, and Si) and subsequent reprecipitation [1].
sediment environments is often dictated by the complexa- Numerous studies have established the importance of metal
tion of these ions at the interface of solid surfaces and the oxide surfaces in the retention of metals in adsorption ex-
surrounding solution. In natural environments there exist periments, generally relying on macroscopic observations in
numerous sorbent phases capable of adsorbing metal ionsan effort to develop accurate complexation models [2-5].
namely clay minerals, metal oxides and oxyhydroxides, and However, metal sorption mechanistic information can only
organic matter. The sorbent phase may play a significantpe gleaned using a direct molecular probe [6]. Surface com-
role in the type, strength, and reversibility of the metal com- plexation models are further limited since many have been
plex formed and, therefore, may dictate to what degree thecarried out over a limited range of reaction conditions and
metal ion is either sequestered or mobilized. In natural, com- few have considered precipitation of metal ions as a viable
plex matrices such as soils, the most reactive sorbent phasegorption mechanism [7].
may be the coatings of metal oxides and oxyhydroxides on  one metal ion that has been investigated in many metal
sorption studies is zinc (Zn). Zinc is a ubiquitous metal ion
~* Corresponding author. in soil and aquatic environments and at background levels it
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have elevated levels of Zn as a result of ore smelting, land ap-its crystal field stabilization energy (CFSE). Moreover, the
plication of biosolids, or other anthropogenic processes, Znionic radius of Zn is intermediate between radius-ratio pre-
is often a detriment to the environment [8]. At acidic pH val- dictions for the two types of coordination environments [15].
ues, Zn toxicity to plants is the third most common after Al Unlike other transition metals, Zn can switch between the
and Mn [8]. The degree of Zn bioavailability, and therefore two coordination geometries upon adsorption to mineral and
Zn toxicity, is by and large determined by the nature of its oxide surfaces and is also present in both geometries in min-
complexation to sorbent surfaces in soils. Zn has been showrerals such as hydrozincite (gi©H)s(CO3)2 [21]. While
to form a variety of complexes at the surfaces of clay miner- sorbent phase, reaction pH, surface loading, and other fac-
als and metal oxides, often dependent on the reaction conditors have been shown to influence the coordination geometry
tions under study, including pH, ionic strength (1), reaction of Zn sorption complexes, the mechanism of these factors
time, and Zn surface loading. Huang and Rhoads [9] inves- have yet to be gleaned.
tigated Zn sorption on several hydrous aluminosilicates over  In addition to inner- and outer-sphere complex formation,
a range of pH, ionic strength, and initial Zn concentrations. Zn has also been observed to form solid precipitate phases
They concluded that over most reaction conditions Zn ad- upon reaction with various minerals. Ford and Sparks [22]
sorbed on aluminosilicates at constant charge sites and conused EXAFS to observe the formation of a Zn-Al lay-
stant potential sites. Only at high pH values did they specu- ered double hydroxide (LDH) surface precipitate when re-
late that ZnSiQ() was forming on aluminosilicate surfaces, acted with the clay mineral pyrophyllite at pH 7.5. Simi-
but they supplied no direct evidence to support their findings. larly, Trainor et al. [20] observed Zn precipitate formation
Chemisorption has been proposed as the primary Zn sorp-on the surface of Zn-reactedAl,03, described as having
tion mechanism to oxide and clay mineral surfaces [10-12]. the structure of a hydrotalcite-like phase. In both studies it
Others have proposed that Zn may form Zn(@k)upon was suggested that dissolved Al from the sorbent phase was
sorption to hydrous Al oxide at pH values above 8, again integrated into the precipitate structure [22]. In these stud-
without providing direct evidence for solid phase formation ies, and other similar studies with different transition metals
[5]. The sorption kinetics of Zn on hydroxyapatite showed (Co and Ni), the neoformed precipitate often formed below
an initial rapid sorption step followed by a much slower rate pH and metal concentration values that were thermodynam-
of Zn removal from solution. It was conceded that the ana- ically favorable for known metal hydroxides [24,25]. This
lytical techniques employed (XRD and SEM) in that study suggests that the reduced solubility of these phases may be
were not sensitive enough to determine if precipitation was partially due to the sorbent phase (surface-induced precip-
a major mechanism at high pH valugs7.0) [13]. itation), but with a lack of solubility data for such phases
Many of the above studies would have benefited by this remains speculative. Others have observed formation of
combining macroscopic and kinetic observations with di- Zn-bearing phyllosilicates upon reaction of Zn with smectite
rect spectroscopic tools such as extended X-ray absorp-at near-neutral pH values [23]. Regardless of the sorption
tion fine structure (EXAFS) spectroscopy. EXAFS is ca- mechanism, there is evidence that neoformed solid phases
pable of probing a target element in a matrix, providing may serve to stabilize metal ions in soil environments, es-
detailed molecular-scale information on its atomic coordina- sentially making them less available for plant and microbial
tion environment and geometry [14]. EXAFS studies of Zn uptake or transport into groundwater [26].
sorption to various oxides and clay minerals have demon- In addition to laboratory-based studies, the speciation of
strated the variability of Zn complexation to a variety of sur- Zn in soils and sediments has been shown to vary con-
faces. Zn reacted with ferrinydrite formed inner-sphere com- siderably. Zinc-contaminated soils near metal smelting fa-
plexes with tetrahedral first-shell oxygen coordination [15], cilities have been characterized with both bulk and micro-
whereas when reacted with goethite Zn formed inner-sphereEXAFS to investigate Zn speciation. At circumneutral pH
complexes in a distorted octahedron with oxygen, sharing values, Manceau et al. [27] demonstrated that Zn was re-
edges and/or corners with Fe octahedra at the goethite surleased from smelter metal-bearing minerals and reprecipi-
face [16]. In contrast, Trivedi et al. [17] observed only outer- tated as a Zn phyllosilicate phase. In a similar investigation
sphere complexes on hydrous ferric oxide (HFO) and tetra- on more acidic soils, Roberts et al. [28] observed that after
hedral Zn sorption complexes upon reaction with goethite. release from smelter-born particles Zn was primarily associ-
When reacted with manganite.{MnOOH), Zn formed a ated with oxides of Al, Fe, and Mn in both octahedral and
mixture of tetrahedral and octahedral Zn coordination com- tetrahedral coordination with oxygen. Other investigations
plexes, changing to 100% tetrahedral as pH increased [18].have observed that upon oxidation of reduced sediments, Zn
On both single crystal and powderAl O3, inner-sphere Zn  partially or completely transformed from Zn sulfide to Zn
adsorption complexes were in tetrahedral coordination with associated with iron oxyhydroxide phases and/or formed Zn-
oxygen, changing to octahedral coordination with the onset bearing phylosilicates [29,30]. This type of transformation
of Zn surface precipitation[19,20]. The reason Zn can acceptalso occurred seasonally in a contaminated wetland [31].
both tetrahedral and octahedral coordination with respectto  The EXAFS-based studies that have been reviewed thus
its first-shell coordination is due to the fact that for each of far clearly demonstrate the variable reactivity of Zn and the
the two coordination geometries Zn has a value of zero for numerous species it can be present as in natural settings.
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Understanding the conditions that influence the dynamic be- willemite Zn,SiO4. With the exception of the synthesized
havior of Zn is crucial in order to predict its fate and mobility samples, all minerals were donated by the Smithsonian min-
in these settings. However, with few exceptions, the combi- eral reference library. The Zn—-Al LDH phase was synthe-
nation of macroscopic sorption investigations with analytical sized by the method of Taylor [34] in anphburged environ-
speciation tools has been neglected. By varying the pH, re-ment using reagents made with &@®ee water. Synthetic
action time, and ionic strength while monitoring Zn sorption Zn(OH), was prepared following the procedure of Dietrich
mechanisms with EXAFS, one may provide insight into the and Johnston [35] which showed only amorphous character-
behavior of Zn sorption and speciation in nature. In order to istics with X-ray diffraction [15]. Spectra were also collected
aid this investigation, two solid phases prevalent in nature for a 10 mM aqueous solution of dissolved Zn(j®at pH

and demonstrated to sorb Zn have been selected: gibbsitevalue 6.02. According to the speciation program MINEQL
and amorphous silica. By using two different metal oxidesin version 4.1 and the equilibrium constants of Baes and Mes-
our study, the degree to which the Zn coordination environ- mer [36], Zr*+ was the dominant Zn phase in these solu-
ment is influenced by the sorbent phase can be determinedtions. The spectrum for hemimorphite was generated from
Therefore, the objectives of this investigation are to: crystallographic data using FEFF 7.0 [37].

(1) Determine Zn complexation mechanisms on Al and Si 2.2. Adsorption experiments
oxides as a function of pH, ionic strength, Zn surface

loading, and reaction time. Two different types of sorption experiments were con-
(2) Assess the influence of the solid phase on the first-shellducted: pH edge experiments (varying pH) and sorption
coordination environment of sorbed Zn. kinetic experiments (varying time). Both experiments used

CO,-free DDI Milli-Q water for preparing solutions. For
the pH edges, experiments were carried out in aspdirged

2. Materialsand methods glovebox. Suspensions of 10 ¢ (silica or gibbsite) were
equilibrated at pH 4 for 24 h in background electrolyte in
2.1. Solid materials a 250-ml reaction vessel while constantly stirring using a

magnetic stir bar and stir plate. Two separate vessels were

The silica used in this study was a Huber Zeofree 5112 used for each sorbent: one for 0.005 M ionic strength and the
amorphous Si@colloid. The point of zero charge (PZC) of other for 0.1 M ionic strength, both adjusted using NaNO
amorphous silica was reported to be less than 2 and thereforéAfter this pre-equilibration step, the necessary amount of Zn
in this study it was deprotonated over all reaction condi- from an acidified 0.1 M Zn(N@). stock solution was added
tions [9]. The surface area as determined by the BET methodto each vessel in order to achieve an initial Zn concentration
was 90 mdg~! [32]. The gibbsite used in this study was of 1 mM. The Zn was added in 100-pl increments over a pe-
synthesized following the procedure of Kyle et al. [33] to riod of several minutes (waiting at least a minute between
achieve a phase with a high surface area. Briefly, 4 M NaOH aliquot additions) to ensure there was not a local oversatu-
was added dropwise to a 1.0 M A3olution until a gelati- ration of any Zn solid phases in solution. In order to obtain
nous precipitate appeared, followed by dialysis for 36 days a range of pH values for the pH edge, the pH of the suspen-
in DDI (distilled deionized) HO. Analysis by X-ray diffrac- sions was incrementally increased by dropwise addition of
tion (XRD) identified the solid as gibbsite, Al(OEl)with 0.1 M NaOH. Following each rise of approximately 0.4 pH
all Al in octahedral coordination as determined by Al nu- units, a subsample of the suspension was removed with a
clear magnetic resonance (Al NMR). The point of zero salt pipette and transferred to a 40 ml centrifuge tube. Next, each
effect (PZSE) for the gibbsite was at pH 10.1 and its surface tube was placed on an end-over-end shaker in the glove-
area was 96 fg~! as determined by the BETNmnethod. box and allowed to react for 24 h. Enough subsamples were
This will be referred to as high-surface-area (HSA) gibbsite transferred so that a pH range from 4.5 to 8.5 was obtained.
for the remainder of the paper. A low-surface-area (LSA) The experimental pH was taken to be the pH measured after
gibbsite containing 10% bayerite was obtained from a nat- a 24 h reaction time. After 24 h, the solids were separated
ural clay deposit (Arkansas, USA, Wards). Its surface areafrom the suspensions by centrifugation at 12,000 rpm for
was determined to be 254g~1 with a PZSE at pH 9.0. All 15 min. The supernatants were passed through 0.2-um cel-
solid phases were washed with background electrolyte andlulose filters, acidified, and analyzed for Zn using atomic
hydrated for at least 24 h prior to the onset of Zn(ll) sorption absorption spectrometry (AAS). The amount of Zn sorbed
experiments. was calculated to be the initial Zn concentration minus the

EXAFS data were collected on Zn-bearing reference min- Zn concentration in solution.
erals to aid in data fitting and for comparison of spectra to  For the Zn sorption kinetic studies, experiments were car-
sorption samples. These reference minerals included smith-ried out using a pH-stat apparatus equipped with a delivery
sonite (ZnCQ); hydrozincite (ZB(OH)s(CQOs)2); zincite burette filled with CQ-free 0.1 M NaOH. The kinetic exper-
(Zn0O); synthesized Zn(OH) synthesized Zn-Al layered iments were performed outside the glovebox using @@e
double hydroxide (Zn—Al LDH); gahnite (ZnAD4); and DDI Milli-Q water to prepare all solutions. During the ex-
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periments N was rapidly bubbled through the suspension to would have resulted in a significant amount of Zn in solu-
minimize the amount of Cg),) entering the system. The re-  tion, potentially resulting in a signal from aqueous’ZnTo
action vessel was covered with a Plexiglass lid and Parafilm minimize these signals, a complete separation of the solid
was used to seal any leaks which might have allowed(GO  paste from solution via vacuum filtration through a 0.2-um
penetration into the system. Sorption kinetics were carried cellulose filter was employed in lieu of centrifugation and
out at pH 75+ 0.05 with [Znjp =1 mM and/ =0.1 M decantation. This eliminated the need to wash the sample
in NaNQs. All suspension densities were 10| After and potentially desorb any Zn from the sample. By deter-
pre-equilibrating the solid phases in each of the appropriate mining the amount of Zn remaining in interstitial electrolyte
background electrolyte solutions for at least 24 h, Zn from using a mass balance, it was estimated that the aquedtis Zn
a 0.1 M Zn(NQ). stock solution was added to the reaction did not significantly contribute to the overall EXAFS signal
vessels in 100-pl increments over a period of at least 10 min.[40,41].

The experimental conditions were selected for comparison  Zn K-edge EXAFS spectra were recorded at Beamline
to numerous studies that have identified metal hydroxide for- X-11a at the National Synchrotron Light Source (NSLS),
mation at or near pH 7.5 for metal sorption to clay minerals Brookhaven National Laboratory, Upton, NY. The beam cur-
and oxides [20,22,36,38,39]. After the proper reaction time, rent at NSLS varied from 100 to 300 mA at 2.5 GeV. The
samples were removed from the vessel and centrifuged atobeamline monochromator consisted of two parallel Si(111)
12,000 rpm for 15 min followed by filtration, acidification, crystals adjusted to an entrance slit of 1 mm. Higher order
and analysis for Zn using AAS. The amount of Zn sorbed harmonics were suppressed by reduciggincoming en-
was taken to be the difference between the amount remain-ergy) by 25% after optimization of the incoming beam. The

ing in solution and the initial Zn concentration. beam energy was calibrated by assigning the first inflection
to the absorption edge of metallic Zn foil to an energy value
2.3. EXAFSsample preparation and spectral analysis of 9659 eV. For sorption samples, slightly moist pastes were

mounted in aluminum sample holders and sealed with Kap-

EXAFS samples were prepared in the same manner aston tape. For reference samples, dry powders were diluted
the sorption edges were, with a sample size large enough tato 10% in a boron nitride powder to prevent the detector
yield at least 50 mg of solid for analysis. The solid suspen- from being swamped. Samples were scanned in fluorescence
sion density, [Zn], ionic strength, and pH were varied to mode at 23C using an Ar-filled Stern—Heald type (Lytle)
determine the effects of these reaction conditions on Zn spe-detector equipped with a 3-um Cu filter [42]. At least three
ciation (Table 1). One sample each from the Zn—gibbsite and scans were collected per sample to increase the signal to
Zn-silica systems were aged 18 months in a temperature-noise ratio.
controlled incubation chamber while being gently agitated  Numerical results were extracted from the EXAFS spec-
on an orbital shaker. The pH values for these aged sam-tra using WinXAS version 1.3 [43] combined with the
ples were checked and adjusted weekly. For the low-loading FEFF 7.0 code [44]. The background was subtracted using
samples [ < 0.5 umol/m?) centrifugation and decantation a linear fit through the pre-edge region and a second order

Table 1

Sample preparation conditions for Zn(ll) sorption on metal oxides

Samplé Sorbent Final pH Reaction time Initial Zn conc. Solid/solution ratio lonic strengtl‘? ™M) r (pmol/mz)C
A 6.02 10 mM Zn(N@)2(eq)

B SiO 5.10 24 h 1mM 5d 0.0048 Qo7
C SiO, 6.12 24 h 1mM 5d 0.049 Q3
D SiOy 6.56 24 h 1mM 5d 0.11 106
E SiO 7.45 24 h 0L mM 3yl 0.10 035
F SiO, 7.35 24 h 1mM 10g 0.12 101
G SiOo 7.35 18 months 1mM 10/4 0.11 104
H SiOy 6.83 24 h 2mM 5d 0.10 292
| SiOy 7.51 24 h 1mM 5d 0.11 208
J Al(OH)3 6.03 24 h 1mM 5d 0.005 Q31
K Al(OH)3 6.56 24 h 1mM 10g 0.10 068
L Al(OH) 3 7.50 24 h 0L mM 39/l 0.11 036
M Al(OH)3 7.50 24 h 1mM 10g 0.10 179
N Al(OH)3 7.52 18 months 1mM 10/ 0.10 104
o Al(OH)3 7.10 24 h 2mM 5d 0.12 289
P Al(OH),d 7.47 24 h 1mM 10g 0.11 376

@ Sample letters correspond to spectra in Figs. 4(A-l) and 5(J—P).
b lonic strength adjusted using NaNO

¢ Zn surface coverage.

d | ow-surface-area gibbsite.
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polynomial beyond the edge. The chi function was extracted
from the background-subtracted raw data by fitting a linear
function to the pre-edge region and a six-knot spline func-
tion to the post-edge region. The data were converted to
space by applying the EXAFS equation and subsequently
weighted byk® to compensate for damping of oscillations at
high k. Thek® data were fit over similak-ranges § ~ 1.5

D.R. Robertset al. / Journal of Colloid and Interface Science 263 (2003) 364-376

100
80:
60
40

20

Zn Sorbed Gibbsite
logL’

B 001IMLS.
| O 0.005MLS.

to 12) using a nonlinear least-squares approach with the-
oretical values for Zn-O, Zn-Si, Zn—-Zn, Zn-Al, and Zn-
C bonds from FEFF 7.0 using structural refinement data
for ZnO, ZnSp0O4, Zn—Al layered double hydroxide, and
ZnCQ;. Spectra were also Fourier transformed (Bessel win-
dow) to produce radial structure functions (RSFs) that isolate
frequency correlations between the central absorbing atom 80 - W
(Zn) and neighboring atoms as a function of bond distance T °
(R). In addition tok-space fits R-space fits were performed ] St il "

by isolating the first and second (when present) coordina- logL'

tion shells. The amplitude reduction factor was set to 0.90,

a value obtained by setting the coordination number (CN)
for Zn in known octahedral coordination (Zn(NJ) to 6
and using the obtained value. The same value has been used " G5 EE Gk we Wk 36 B
by researchers studying similar systems [22]. The errors in

the first and second shell bond distance¥\ere estimated

to be accurate te-0.02 A and CN were accurate t530%. Fig. 1. Zn sorption (pH) edges on low and high surface area gibbsite (top
The errors were estimated by comparison of XRD structural Pane!) and on silica (bottom panel) at 1:50.1 M and 1.S.= 0.005 M
refinement data of known reference minerals to fit parame- aN.

ters estimated by collecting EXAFS on the same minerals

and applying nonlinear least-squares analysis of the spectrdn all experiments, constant base addition was required to
[29,45]. maintain a nearly constant pH value suggesting Zn sorption
at pH-dependent sites. However, macroscopic observations
of Zn sorption alone cannot determine exact modes of uptake
as the adsorption of metals from solution is not necessarily
a singular process and there may be a continuum between
outer-sphere complexation, inner-sphere complexation, and
surface precipitation [46].

The effects of ionic strength and pH on Zn adsorptionon  Figure 2 illustrates the kinetics of Zn sorption on LSA
silica and gibbsite are shown in Fig. 1. For both the gibbsite and HSA gibbsite (top panel) and on amorphous silica (bot-
and silica systems, a rapid increase from nearly 0% to nearlytom panel). Both systems had the same reaction conditions
100% Zn removal (within detection limit of the AAS) oc- (1 mM [Zn]o and pH 7.5). For both Zn—silica and Zn—-HSA
curred over a very small pH range, commonly known as a pH gibbsite, Zn was removed from solution quite rapidly, with
edge. The pH edge for Zn on gibbsite was shifted to the left both systems eventually removing nearly all of Zn from so-
relative to the Zn on silica, with approximately 50% of Znre- lution. For the Zn-silica system, Zn removal was extremely
moved at pH 6.6 for Zn—gibbsite and at pH 6.9 for Zn-silica rapid with over 80% of added Zn removed from solution
(based on inflection points). In both cases the adsorptionby the time the first sample was collected (15 min). There-
was ionic-strength-independent, suggesting an inner-spherefter the sorption kinetics slowed slightly and 100% removal
Zn complex to the surface of these solids as metal sorptionwas achieved within 3 h. For the Zn—-HSA gibbsite system,
via this mechanism can occur regardless of the solid surfaceslightly slower sorption kinetics was demonstrated relative
charge [46]. At pH 7.5 the silanol groups on the amorphous to the Zn-silica system. For Zn on HSA gibbsite, 80% of Zn
silica were most likely entirely deprotonatedKp < 2), was removed from solution after 24 h and a slightly slower
while the aluminol groups on gibbsite may be partially de- second sorption step followed, with nearly complete Zn up-
protonated (K, = 10). Numerous metal sorption studies take within 200 h. The slight contrast in Zn sorption kinetics
have revealed similar pH edges and they were typically at- between the silica and HSA gibbsite systems is noteworthy
tributed to adsorption at pH-dependent surface sites [9,47].since both solids have similar surface areas (4@nt for
This type of sorption behavior would result in proton release silica and 96 Mg~ for HSA gibbsite). This suggests that
from the solid as the metal binds to the surface, with the ex- total surface area was not the sole factor controlling Zn sorp-
act amount depending on the sorption complex formed [3]. tion kinetics, but the reactivity of the specific surface sites on

7.0 8.0

100

Percent Zn Removed from Solution

40
] " B 0IMIS

a0 O 0.005M1S.

9.0
pH

3. Resultsand discussion

3.1. Macroscopic Zn sorption
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. . . LI sorption onto LSA gibbsite demonstrated a rapid initial sorp-
- tion step followed by a much slower sorption step. In con-
trast to the HSA gibbsite system, only 50% of the Zn sorp-
tion was complete within the first 24 h in the LSA gibbsite
system and the second, slower sorption step had a more lin-
. LS Gibpeie ear shape. The same observations were made for Ni sorption
O ZnHSA Gibbsite on HSA and LSA gibbsite by Yamaguchi et al. [48]. They
attributed the difference to chemisorption playing the dom-
— T T T inant role in Ni removal on HSA gibbsite, whereas surface-
0 e o 0 1o induced precipitation at-Ni(OH)2() controlled the kinetics
of Ni removal in the LSA system. Other investigators have
] wemes s W 8 . . " observed slow metal sorption onto gibbsite [38,49]. To ver-
bod [ ify the mechanisms responsible for the differences between
70 3 these two gibbsite systems and for identification of Zn sur-
60 face complexes on all metal oxides, EXAFS studies were

jg ] performed.

30

20 W Zn-Silica 3.2. EXAFSanalysis of Zn reference compounds
10

Time, h

Percent Zn Removed from Solution

U_LE L L L T The k3-weighted Zn EXAFS spectra (chi) and their cor-
Time. h responding Fourier-transformed radial structures (RSFs) for
reference Zn minerals and aqueous’Zrare presented in
Fig. 3. R-space (right panel) fits from nonlinear, least-
squares analysis are represented by the dashed lines while
the solid lines represent the raw data. The results from the fits
the two solids is also important. As previously noted, silica along with comparison to XRD data for the same reference
has more negatively charged sites under the reaction condiphases are presented in Table 2. The spectrain Fig. 3 demon-
tions studied. strate the kinds of features one would expect in EXAFS
The effect of surface area on the kinetics of Zn sorption data if neoprecipitated phases form relative to samples where
is evident in comparing the LSA and HSA gibbsite systems adsorption is the primary mechanism of Zn removal from so-
(Fig. 2, top panel). Like the Zn—HSA gibbsite system, Zn lution. The Zn reference minerals have second-neighbor Zn,

Fig. 2. Zn sorption kinetics on low-surface-area gibbsite and high-surface-
area gibbsite (top panel) and amorphous silica (bottom panel).

\\/\/WMM smithsonite
W\/\/\/-’\/\d/\/ hydrozincite

,JV\/\/\\JJ\\/\/\/\ zincite
a2 WAVAVAVAV A S IRECTY
’MMJJ\VA Zn-Al LDH
’\—A/\J\W\/MW\’W gahnite

\/\//\J\/\'\/’\/\f hemimorphite

WWV" willemite
2+
\/\W aqueous Zn

k**chi(k)

Fourier Transform Magnitude

Fig. 3. Zn—-EXAFS chi spectra weighted Iit§3 (left panel) and corresponding Fourier transforms for Zn-bearing reference compounds. The results from
the nonlinear least-squares fit are the dashed lines in the right panel. The spectrum for hemimorphite was generated from FEFF 7.0 using XRD structural
refinement data.
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Table 2

Local structures of Zn model compounds derived from EXAFS and XRD

Compound Formula Atom EXAFS XRD Referenc

R (R)° cNd R (A)

Smithsonite ZnCQ Zn-0 210 6 211 [60]
Zn—Zn 371 6 3.67
Zn-C 334 22 3.29,3.50

Hydrozincite Zry(OH)g(COg3)2 Zn-0 202 46 1.95,2.10 [21]
Zn-Zn 322 26 3.15, 3.57

Zincite ZnO Zn-0 195 4 1.98 [61]
Zn-Zn 322 12 3.50, 3.66

Zinc hydroxide Zn(OH) Zn-0 199 4 1.96 [62]
Zn-Zn 3.29, 3.47 2 3.29,3.50

ZnAl layered double hydroxide (LDIS) (ZnAlq_,) Zn-0 207 66 2.01,2.04 [63]

(OH)2(NO3)H0

Zn-Al 3.06 6 3.05-3.08
Zn-Zn 31 6 3.05-3.08

Gahnite ZnAbOy Zn-0 197 4 1.93 [64]
Zn-Al 341 12 3.35
Zn—Zn 355 4 3.50

Hemimorphité Zn4SiO7(0OH)3H30 Zn-0 4 1.94-1.97 [65]
Zn-Zn 333 44 3.28, 3.46

Willemite ZnySiOy Zn-0 195 4 1.97 [66]
Zn-Zn 325 2 3.23

Aqueous ZR+ Zn(Hy0)6 Zn-0 207 N/A

a8 EXAFS parameters derived from single shell fitting for Zn—-O, Zn—C, Zn-Al, and Zn-Zn, so distances represent the average value.
b Reference refers to XRD structural refinement data.

¢ Interatomic distance.

d Coordination number.

€ Based on substitution of Zn for Mg in a hydrotalcite structure.

f The hemimorphite EXAFS structure generated from crystallographic data using FEFF7.

Si, C, and Al atoms present around the central Zn atom, re-diminishment of the signal at highkwalues in the chi spec-
sulting in the significant amount of structural features in the tra indicate no heavy backscattering atoms, such as Zn, are
chi spectra. Upon Fourier transforming the data, one notespresent around the central Zn atom. This is in contrast to the
the presence of peaks beyond the first-shell Zn—O peak thatchi spectra for those samples in which a heavy second neigh-
can be attributed to the presence of the second neighbotbor backscattering atom is present (Fig. 3). However, in chi
atoms in some combination, depending on the precipitate spectra E—I, the second oscillation is less symmetric than in
phase and Zn coordination environment. Moreover, addi- spectra B-D, suggesting a shoulder is forming on the high
tional peaks beyond the first- and second-shell peaks are obside of this oscillation. Given the samples with this feature
served in most RSF spectra due to multiple scattering paths.also have higher surface loading and pH values, it follows
that there may be a slight scattering from a second shell Zn
3.3. EXAFSanalysisof Zn-reacted silica atom. However, only spectrum | was able to have a Zn atom
fit in its second shell.

The k3-weighted Zn spectra and their results from non-  Chi spectra E-I are shifted to slightly highevalues rel-
linear least-squares fitting (dashed lines) for Zn reacted with ative to spectra B-D (see dotted lines as a guide). This shift
silica are presented in the left panel of Fig. 4. The Fourier to higherk values is indicative of a lower C_o, namely
transforms of the chi spectra and their fits are presented intetrahedral Zn—O coordination versus octahedral Zn—O first-
the right panel. Each of the chi spectra is characterized by shell coordination. This shift in the spectra as a function
a sine wave dominated by backscattering from first-shell of Zn coordination is also evident for the reference miner-
oxygen atoms around the central Zn atom, with the signal als. Comparing tetrahedral Zn—O compounds willemite and
amplitude decreasing as increases. The radial structure hemimorphite to octahedral aqueous’Zrand smithsonite,
functions clearly demonstrate this characteristic Zn—O con- a shift to highek values is observed by an amount consistent
tribution indicated by large peaks at approximately 1.92 and with the shift in the Zn-silica system (Fig. 3). As previ-
2.05 A. The radial structure functions are uncorrected for ously noted, Zn has commonly been found in both four- and
phase shift so the value on theaxis does not necessarily in-  sixfold coordination environments with first-neighbor oxy-
dicate the true bond distanc®, In addition to the first-shell ~ gen atoms in many aqueous compounds and solid phases
Zn-0, a smaller second shell is evident in the RSF spectra[17,20]. The characteristic Zn—O distance in tetrahedral co-
for all samples. The lack of significant structural features and ordination has been reported to be between 1.92 and 1.99 A,
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Table 3
Structural parameters from EXAFS analyses of Zn sorbed onto silica
Sample Zn-0 Zn-Si Zn—Zn
R (R)2 CNP o2¢ R(R) CN o2 R(R) CN o2
(A) Aqueous Z#8+ 2.07 5.5 0.0080
(B) pH 5.10,rr9 = 0.07 2.05 6.9 0.0062 3.07 0.7 0.0089
(C)pH 6.12, =0.30 2.02 5.3 0.0034 3.06 0.8 0.0092
(D) pH 6.56,I" = 1.06 1.98 4.4 0.0052 3.08 1.0 0.0087
(E) pH 7.45," = 0.35 1.93 4.9 0.0034 3.10 1.0 0.0078
(F)pH7.35/ =101 1.92 5.2 0.0026 3.11 1.2 0.0063
(G)pH 7.35," =1.04 1.92 4.2 0.0037 3.11 14 0.0094
(H) pH 6.83,I" =2.92 1.92 45 0.0046 3.10 11 0.0087
() pH 7.51,I" =2.08 1.92 5.3 0.0054 3.13 1.3 0.0076 3.29 1.5 0.0090

@ Interatomic distance.
b Coordination number.
¢ Debye-Waller factor.
d Zn surface coverage, urmm‘lz.

while Zn in octahedral coordination with first-shell O has Zn-O to tetrahedral Zn—O. This is visually observed in the
a Zn-0 distance between 2.02 and 2.12 A [50]. Given the chi spectra (Fig. 4) as a shift in the entire spectrum from
greater error associated with the CN value compared to thelow k to higherk. Excluding sample D at pH 6.56, the aver-
value of R, we useR to classify sorption complexes as either ageRzno= 1.92 A and average Ch_o = 4.8. Although
tetrahedral, octahedral, or some combination of both. sample D has a higher surface loading value compared to
The fit results for Zn sorbed on silica are presented in sample E it has a largeRzn—o and CNn—o, suggesting
Table 3. Results indicate that Zn is in octahedral coordina- that pH plays a more significant role than surface loading
tion with first-shell O atoms in aqueous Znas indicated  value alone. For spectra E-H the averatye_sj= 3.11 A
by Rzn_o = 2.07 A. For the lowest Zn loading levels of and CNy_si=1.2. The measured bond distances are in-
I =0.07 and 0.30 pmol m? at pH 5.10 and 6.12, respec- dicative of bonding between Zn tetrahedra and Si tetrahedra
tively, the Rzn—o values are indicative of Zn in octahedral in a monodentate manner, based on average O—O edge dis-
coordination with first-shell O atoms. The small second- tances ranging from 2.58 to 2.67 A in Sj@trahedra [20,
shell feature is also observed in these two spectra and couldb1]. For the two low-loading samples, the shorter Zn-Si dis-
be fit with <1 Si atoms at distances of 3.07 and 3.06 A, re- tance suggests a bidentate inner-sphere complex, however,
spectively. At higher pH values, the values fBy,_o and this observation is only based on the fact that bidentate com-
CNzn—o decreased, indicating the transition from octahedral plexes typically have shorter metal-metal distances relative
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Fig. 5. Zn—-EXAFS chi spectra weighted bfi (solid lines) and results from nonlinear least-squares fitting (dashed lines) for Zn sorbed on high-surface-area
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to monodentate complexes [51]. The only sample that im- tra J-O). Thek-space fits (dotted lines) failed to accurately
proved in fit quality by including a second neighbor Zn reproduce this feature, suggesting that the fitting approach is
atom was spectrum | (Table 3), reacted at pH 7.51 with insensitive to such a feature or the origin of the split is due to
I = 2.08 umol nT2. The Rzn—zn value for this sample was  features beyond the second shell around the central Zn atom.
3.29 A andNzn-zn was 1.5. Although this sample has a Manceau [52] observed a similar feature in the Zn EXAFS
lower surface loading relative to sample H, the pH value of of lithiophorite, a mineral composed of interlayered MnO
the reaction was 0.7 units greater, suggesting a minimum pHand Al(OH) sheets with Zn substituting into the gibbsitic
value needed to be reached prior to the onset of precipita-jayer. The splitting in this case was attributed to Al atoms
tion of a Zn-bearing phase. THezn-zn0f 3.29 Ais nearest i the second coordination sphere of Zn and was absent in
the value of 3.29 A forRzn_zn in synthesized amorphous samples in which Zn was associated with heavier second-
Zn(OH), and both Zn—O shells are in fourfold coordination neighbor atoms such as Fe [53]. Similar EXAFS spectral
(Table 3). The sample aged for 18 months (spectrum G, Ta-featyres were observed in soils in which Zn was directly
ble 3) at pH 7.2 had no effect on the overall Zn speciation, ,,,nq to Al minerals [28,53]. Since including an Al atom
with Zn remaining as an inner-sphere monodentate complexin the k-space fits did not properly fit the data at lawal-

to silica tetrahedra without the onset of precipitation. Again, ues, Fourier back transformations of the RSF spectra were

thsiil{{g%efrtsd that only at pH 7.51 does a precipitate phaseperformed to determine the reason for this splitting feature
€gin to form. in our samples.

3.4. EXAFSanalysis of Zn-reacted gibbsite Figure 6 displays Fourier back traqsformatllons.of the
RSF data performed for a representative Zn—gibbsite sam-

The k3-weighted Zn EXAFS spectra (chi) and their cor- Pl€ (Spectra J, Fig. 5) and a Zn-silica sample (spectra H,
responding RSFs are presented in Fig. 5 (raw dasalid Fig. 4)'. Both spectra display comparable spectral noise in
lines, fit data= dashed lines). Much like the EXAFS spec- the chi data. The back transformations were carried out over
tra for the Zn—silica samples (Fig. 4), each of the chi spectra different values ink space (indicated by the shaded regions
is characterized by a sine wave dominated by backscatteringn the left hand panel of Fig. 6) in order to determine the por-
from first-shell oxygen atoms around the central Zn atom tion of the spectra responsible for the splitting feature at low
with the signal amplitude decreasingfagicreases. In con- k. As the Zn—gibbsite RSF spectrum is back-transformed
trast to the Zn-silica samples, the chi spectra have moreover values beyond 5 A, one notes the presence of thelow-
structural features relative to the spectra for aqueod$ zn  splitting feature near 2 Al in the right panel. This clearly
The most striking difference between the Zn-silica and Zn— demonstrates the split is due to the RSF backscatter peaks
gibbsite spectra is the split in the first oscillation of the beyond 5 A: multiscattering contributions due to atoms be-
chi spectra at ~ 4 A~ for the Zn—gibbsite samples (spec- yond the second coordination sphere of the central Zn atom.
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Table 4
Structural parameters from EXAFS analyses of Zn sorbed to aluminum oxides
Sample Zn-0 Zn-Al Zn-Zn
R (A)?2 CNP o2 R(R) CN o2 R(R) CN o2
() pH 6.039=0.31 2.01 5.1 0.0071 3.02 4.3 0.0100
(K) pH 6.56,I" = 0.68 2.00 4.7 0.0058 3.00 1.9 0.0061
(L) pH 7.50,I" = 0.36 2.06 6.1 0.0062 3.05 3.9 0.0082
(M) pH 7.50,I" =1.79 2.02 4.9 0.0006 3.02 1.6 0.0072
(N)pH 7.52," =1.04 2.01 4.6 0.0043 3.01 2.6 0.0068
(O) pH 7.10,I" =2.89 2.00 45 0.0042 3.03 2.9 0.0085
(P)pH 7.47," =3.76° 2.07 6.9 0.0051 3.13 4.1 0.0092 3.09 4.1 0.01

a |nteratomic distance.

b Coordination number.

¢ Debye-Waller factor.

d 7n surface coverage, pmah?.
€ High-surface-area gibbsite.

In contrast, the Zn—silica spectra do not develop the splitas  The structural parameters from fitting of the Zn—gibbsite
one increased the value &, even up to 6 A. Therefore, EXAFS spectra are compiled in Table 4. Excluding spec-
noise at higher values ok do not account for the split- tra L and P, the averagezn_o = 2.01 A and the average
ting phenomenon since both spectra have a similar signalCNz,—o = 4.8. The average values for Zn in tetrahedral and
to noise ratio. In the case of the Zn—gibbsite samples, the octahedral coordination with O are 1.95 A and 2.11 A, re-
cause of the splitting could be Zn, O, or Al backscatter- spectively [15]. The average of these two values is 2.03 A,
ing atoms. The same splitting feature was present in the chisimilar to the average value obtained in our Zn—gibbsite sam-
spectra for Ni adsorbed as inner-sphere complexes on HSAples, suggesting mixed coordination in our samples. In the
gibbsite and was attributed to Ni-Al-Al multiple scattering case of spectra L, the result of 2.06 A for Zn-O is ques-
paths beyond 5 A [54]. Since multiple scattering paths were tioned given the fact that it is the noisiest spectrum. The
excluded in our fitting procedure, the exact nature of the EXAFS signal represents the average coordination environ-
splitting feature is still not known. However, given the ev- ment of all Zn atoms present in the sorption complexes and
idence from other studies that suggests Al atoms contributeZn has been observed to have both tetrahedral and octahedral
to this feature, it seems likely in our study of Zn adsorbed coordination upon sorption to oxide surfaces, complexation
onto HSA gibbsite that Al multiple scattering is the likely to organic acids, and as part of the structure of minerals
candidate. [18,21,55]. Therefore, it is reasonable to conclude that Zn



374 D.R. Robertset al. / Journal of Colloid and Interface Science 263 (2003) 364-376

is present in both tetrahedral and octahedral complexes with[17,20]. In order to directly compare the two solids used in
respect to first-shell O. For the second shell, an average ofthis study, it is important to select samples with similar pH
R = 3.02 A for Zn—Al was obtained (excluding spectra L values, surface loading, reaction time, and Zn concentrations
and P) and the inclusion of a Zn atom in the second shell did in order to eliminate other variables aside from the sorbent
not improve fit quality, indicating the lack of neoprecipitate identity. Two pairs of samples have been selected for this:
formation in these samples. AssumiRg,_o = 1.85-1.97 A low-pH samples C and J and circumneutral-pH samples H
andRo_o = 2.52—2.86 A for the gibbsite structure [56], and and O (Table 1). For the low-pH samples, Zn first-shell co-
the averageRzn_o of 2.02 A from the sorption samples, it~ ordination environments are similar in the silica and gibbsite
follows that an edge-sharing bidentate adsorption geome-systems, with both samples haviRg,_o values (2.02 and
try (inner-sphere complex) is the main mechanism for Zn 1.99 A, respectively) intermediate between typical tetrahe-
uptake on the HSA gibbsite surface. Geometric consider- dral and octahedral coordination. For the circumneutral sam-
ations would allow Zn to be in either a tetrahedral or oc- ples (H and O), Zn first-shell coordination was tetrahedral in
tahedral coordination in this arrangement [57]. TRg_a| the case of silica, but remained a mixture of tetrahedral and
value of 3.05 A for sample L nearly falls in the range of val- octahedral for gibbsite. This suggests that increased pH val-
ues whereby an edge-sharing bidentate complex could form.ues account for the change in coordination for Zn adsorbed
The poor spectra quality as a result of low Zn concentrations on silica, but in the case of gibbsite first-shell coordination
makes the exact determination of Zn complexes difficult for is insensitive to pH changes.
this sample. The influence of pH on metal cation adsorption onto
Comparing the Zn spectra for HSA gibbsite and LSA metal oxides has been well documented and reviewed, and it
gibbsite (spectrum P, Fig. 5) one notes significant differ- is generally agreed that pH influences both the surface acid-
ences. More structural features are evident in the LSA gibb- ity of the functional groups on the oxides and the hydrolysis
site sample, most notably a split in the third oscillation of of the metal ions [4]. The difference in plic of the two
the chi spectrum dt ~ 8 A=1, the presence of shoulders on solids (<2 for silica, 9 for gibbsite) demonstrates the dif-
the oscillations in the chi spectra, and a less-dampened sigference in the acidity of the functional groups, with silica
nal with increased. Also, in the Fourier-transformed data considered a strong solid acid whereas gibbsite is not [59].
one notes the appearance of a much larger second shell atVhether or not the difference in surface acidity for the two
slightly higherR values. Fit results indicate that Zn formed different solid phases is the reason for the differences in first-

a Zn-Al LDH phase upon sorption to the LSA gibbsite.
Comparison of spectrum P with the synthesized Zn-Al LDH
in Fig. 3 reveals the similarity in the two spectra, which
are rather distinct from other Zn-bearing minerals. The val-
uesRzp—o= 2.07, Rzn-al = 3.13 A, andRz_zn=3.09 A

are similar to the Zn-0O, Zn—Al, and Zn-Zn shells in syn-
thesized Zn—Al LDH (Table 3). Similar findings have been

shell coordination of Zn cannot be proved from our results.
We speculate that both Zn hydrolysis and surface acidity are
part of the mechanism, along with other physical and chemi-
cal properties of the solid phase that are not characterized in
this study. In addition, the Al atom in gibbsite may also influ-
ence the Zn complex formed, as indicated by the Zn—Al-Al
multiscattering that is likely occurring in the Zn—gibbsite

reported for Zn adsorbed am-Al,O3 and pyrophyllite at

I' > 1.7 ymolnT2 and 0.8 umol m? Zn coverage, respec-
tively [20,22]. These results confirm that the slow sorption
of Zn on LSA gibbsite was a result of Zn—-Al LDH forma-
tion, whereas the more rapid kinetics of Zn sorption on HSA
gibbsite was a result of inner-sphere, bidentate Zn complex4. Summary
formation. Much like the Zn-silica system, aging the sample
for 18 months in the presence of HSA gibbsite did not result
in identifiable changes in Zn speciation.

samples. The observation that Zn first-shell coordination en-
vironment is influenced by the solid surface demonstrates
the unigueness of Zn compared to other transition metals.

Zn sorption on amorphous silica and HSA gibbsite was
characterized by rapid kinetics with no dependence on ionic
strength. Under the studied reaction conditions, EXAFS con-
firmed Zn complexation via the formation of inner-sphere
surface complexes as the major mechanism of adsorption for

The finding that Zn favors either octahedral (low pH) both sorbent—sorbate systems, suggesting this mechanism
or tetrahedral (high pH) first-shell coordination when com- accounted for the observed rapid sorption kinetics. Inner-
plexed to silica compared to a mixture of the two coordina- sphere complex formation on gibbsite was further confirmed
tion environments over all pH ranges on HSA gibbsite leads by demonstrating Al backscattering paths were most likely
one to question how the solid phase influences Zn coordina-causing the observed split in the oscillation of the first-shell
tion. It has previously been demonstrated for Zn that the two of the chi data. For the LSA gibbsite, Zn—Al LDH formation
different coordination environments are energetically simi- became a viable sorption mechanism at pH and initial Zn
lar [58]. Moreover, the influence of reaction conditions on concentrations similar to previous studies [22]. In the case
Zn coordination has been demonstrated in several studiespf Zn sorption on silica, a precipitate formed at the high-
with the solid phase influencing the complex in many cases est pH value and resembled an amorphous Zn{Qiase.

3.5. Comparison of the silica and gibbsite sorption systems
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