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This research probes the mechanisms of Zn adsorption on hy-
drated oxides of iron (HFO and goethite) using XAS. A system-
atic investigation reveals that Zn?* upon sorption to HFO retains
its hydration shell (N ~ 6 oxygens, R ~2.18 A), irrespective of pH
and adsorbate loading. Furthermore, the absence of second-shell
contributions in combination with the temperature dependence of
the structural parameters confirms outer-sphere adsorption com-
plexes with HFO. In a coprecipitation study, the local coordination
environment was consistent with Zn adsorption to HFO. On the
other hand, Zn?* strongly adsorbs to goethite forming a tetragonal
structure (N ~ 4 oxygens and R ~1.97 A). Evidence of two Fe*t
ions in the second shell at approximately 3.51 A suggests an inner-
sphere adsorption complex with goethite. Results demonstrate that
even though the local structures of HFO and goethite are similar,
the surface sites available to transition metals like zinc are vastly
different. Overall, these spectroscopic analyses are consistent with
macroscopic observations.  © 2001 Elsevier Science
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INTRODUCTION

thus zinc sorption may require from a few months to a few yeat
to reach equilibrium (10, 15-17). Similar studies with goethite
indicate microporosity is not significant (13). Macroscopic ex:
periments provide information on bulk equilibrium and kinetic
processes; however, to determine the molecular mechanisr
X-ray absorption spectroscopy (XAS) is needed.

XAS has proven to be a powerful tool in environmental re:
search as it selectively probes the local coordination enviror
ment of a species over a wide range of concentrations. Th
structural information, including the identification of neighbors,
their coordination numbers, and bond distances, provides co
taminant sorption mechanisms under environmentally releva
conditions. Extensive studies have been conducted in the p:
to establish the adsorption mechanisms for different metal ior
with various hydrated iron oxides. A large number of these stuc
ies have shown that metal ions sorb to these oxides through inn
sphere complexes: Cr(lll) to goethite and ferrihydrite (18); Cc
to a “two-line ferrihydrite” type of hydrous ferric oxide and to
goethite (6); selenate to two-line ferrihydrite and goethite (5)
U(VI) to ferrihydrite (19); As(V) and Cr(VI) to goethite (20);
Znto goethite (21); Pb to goethite (22—24) and to hematite (22

The fate of heavy metals like zinc in aquatic environmentdg(ll) to goethite (25); and Cu and Pb to two-line ferrihydrite

is largely governed by sorption to oxides of iron (1, 2). Thedd7). Incontrast, other studies of iron oxide systems report oute
oxides exist in many forms ranging from the amorphous ars@here types of adsorption mechanisms, where the adsorb
metastable ferrihydrite to crystalline ones such as goethite dffs retain their waters of hydration; these include ZnEDT/
hematite (3). Manceau and co-workers have shown that e\&aiption to goethite (21), Sr sorption to HFO (26), PbEDTA
though goethite and hydrous ferric oxide (HFO) have simil&erption to goethite (27), and Sr sorption to goethite (28).
structures, the lengths of their octahedral chains and hence thelimited research has been conducted in coordinating macr
site densities differ (4-6). A comparison of the macroscop&opic and spectroscopic observations for Zn sorption to met
results shows that amorphous oxides such as ferrihydrite (a@édes and clay minerals. Earlier work on zinc sorption tc
known as HFO) have large sorption capacities for metal contaffitrinydrite (29) and zinc—ferric hydroxide coprecipitation (1)
inants as compared to crystalline oxides such as goethite (8_Igp_orted the transition from a six-fold coordination of zinc ions
On the other hand, thermodynamic analyses suggest that wiildhe aqueous phase to a four-fold one sorbed to the surfac
transition metals like Zn may be chemically sorbed to goethifen the other hand, Schleget al. (21) observed that zinc ions
(13, 14), adsorption to HFO involves physical forces (9, 10, 137 a nitrate-based electrolyte as well as in a complex wit
Long-term studies reveal that intraparticle diffusion is the rat&DTA retained the octahedral hydration shell upon sorptio
limiting mechanism for sorption to the microporous oxides, arf@ goethite. Recently Trainagt al. (30) studied ZA* sorption

to w-alumina powders as a function of sorption density an

pH; they found Zn ions in tetrahedral coordination at low
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at approximately 2.04, they surmised that two of the six werelibrated for 4 h under turbulent hydraulic conditions (Reynold
from the alumina surface. Furthermore, on the basis of thé&#mber Rg > 3.0 x 10> with respect to the reactor length)
analyses they concluded that at low sorption concentrations, gfore the solid phase was separated from the supernatant
ions formed predominantly an inner-sphere bidentate compe&ntrifuging at 8000 rpm (rotor radius of 7.76 cm) for 20 min
with AlOg polyhedra, whereas at higher sorption densities Zihese wet pastes were loaded into aluminum or acrylic sar
formed a mixed-metal hydroxide coprecipitate with aluminurile holders, which were sealed with Mylar windows to prever
(30). Likewise, XAFS studies of Zn sorption to pyrophyllite as &he loss of moisture. Reference compounds, with well-know
function of surface loading (0.1-16mol m~2 of pyrophyllite) ~ structures, chosen for XAFS analyses included zinc carbon:e
and time revealed the formation of a Zn—Al layered doubfdydrate (ZnCQ - nH;0), zincite or zinc oxide (ZnO), zinc oxide
hydroxide where the crystalline stability increased with agintgydrate (ZnQ@-nH;0), zinc ferrite (ZnFgO,), and a 1x
(31). To complement the macroscopic studies of Zn sorption 3§ M Zn(NOs); solution at pH 1.
HFO and goethite presented in the accompanying paper (13
a systematic analysis at the molecular level was conducte
a function of pH, adsorbate loading, and method of contactXAS data were acquired on beamline X-11A at the Natione
(adsorption versus coprecipitation). Synchrotron Light Source (NSLS), Brookhaven Nationa
In this research, the primary objective was to identifyaboratory, where the electron beam energies were 2.528 3
and compare Zn sorption mechanisms to HFO and goeth#@® GeV with an average beam current of 180 mA. All Zr
adsorbents as a function of pH, adsorbate loading, and metkpéctra were collected over the energy range of 9509—-10,4
of contact on the basis of macroscopic studies (10, 11, 18). The samples of Zn sorbed to HFO were measured
Overall, this research aides in distinguishing different typéiorescence mode placed at’46 the incident beam using a
of adsorption complexes such as inner- and outer-sphere ongsie detector filled with Ar gas. To minimize the background,
which are crucial in understanding contaminant mobility anal6-.m Cu filter (Z-1 filter) with one aluminum foil was placed

'S Data Collection

bioavailability in subsurface systems. between the sample and the soller slits, which was used
block most of the filter refluorescence. Harmonic rejectiol

EXPERIMENTAL METHODS AND ANALYSES was achieved by detuning the monochromator 20%,0for
Zn—goethite adsorption samples, XAS spectra were collected
Sample Preparation fluorescence mode using a multielement Ge solid-state detec

HFO was prepared following the method described gyor these samples, the monochromator was detuned to 70%
Dzombak and Morel (32). The characteristics and properties®f fully tunedl, to operate the detector in the linear regime
this HFO have been discussed previously (8, 13, 33). AdsorptigHOr t0 analyses, Zn spectra from each of the multieleme
samples were prepared at pH 7 and@%or the following sorp- detector elements were inspected individually, and then add
tion densities: 103 and 1x 10-2 mol of Zn g~ of HFO. To  UP to obtain the total fluorescence data. The XAS data of tt

understand the sorption mechanism as a function of pH, safierence compounds were collected in transmission mode
ples with an adsorbate loading of110-3 mol of Zn g* of 0OM temperature (298 K) and 77 K. The associated absorpti
HFO were studied at pH 6 and 8. Finally, the local structul@ngths at the ZrK-edge were found to be gm for ZnO,
of Zn?* was also examined in a Zn—HFO coprecipitate samp}® #M for ZnO-nH0, 16 um for ZnCQ; - nH,O, 17 um for
prepared at pH 7 and 26; the Zn concentration in this sam-2NF&Os, and 2 mm for Ix 10-° M Zn(NOs)z.
ple was 1x 10~2 mol of Zn g~ of HFO. The purpose of this
study was to examine whether a coprecipitate formed or the %r'?‘s Data Analyses
ion adsorbed to the oxide surfaces prior to aggregation duringThe XAS spectra were analyzed using WinXAS 97 (\ersiol
precipitation. 1.0) (34). For each scan, the background X-ray absorbance w
Goethite was synthesized by employing the modified Atkirsubtracted by fitting a linear polynomial through the pre-edg
son’s method and this synthesis process along with the goethiégion. The edge jump of a background-corrected spectrum w
characterization are detailed in the accompanying paper as waltmalized with a linear polynomial over 9.759-9.959 keV. Thi
as elsewhere (11, 13). Zinc adsorption to goethite was studiedlagshold energyHE,) was determined from the first inflection
afunction of pH and loading with one sample @ k 10-°>mol pointin the edge region and was used to convert the spectra frc
of Zn g~! of goethite at pH 6 and another with02x 107> mol energy tok-space. A spline function was employed to accour
of Zn g* of goethite at pH 7. These sorption densities approfer the atomic absorptionin the absence of backscattering cont
imately represent the adsorption capacity of goethite for tranbistions over the range 2.3-14A07. This isolated function pro-
tion metals like Zn (11, 13). duced the XAFS functiong(k)), which was then weighted ti}
The sorbed Zn concentration was determined u8idg as to enhance the highdrspace data. A Bessel window function
a tracer in duplicate samples (10), where the activity was memas used in Fourier transforms to produce the radial structur
sured with a Beckman LS6000SE liquid scintillation countefunction (RSF) over 2.65-13.65 " for all Zn standards except
Except where otherwise stated, adsorption samples were edjoé Zn(NQ). solution, which was filtered over 2.3-9521, All
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adsorption samples were Fourier transformed over 2.2 2001
as well. These RSFs are not corrected for phase shifts. 107 M Zn(NO ) PH 1 208K

To obtain the structural information, the Fourier transforms N N T
were fit with a reference model generated using FEFF7 (35), \/\-//\/\/\/‘/\/\’V“"’W’
where all the parameters except the amplitude reduction factor 14| zco,mm0 7K 4
(S?) were allowed to float. A comparison of the Zn(h)@so-
lution spectra collected in transmission mode with that of the
fluorescence revealed an averaggaf 0.70; thisS2 was em-
ployed in the fitting process for the adsorption samples. In the  120}-zeown,0 7%
case of fitting multiple shells, thg, shift was constrained to =
be equivalent for all shells. All samples and standards except ;
ZnCG; - nH,0 were fit with chalcophanite (ZnM@- - 3H,0), =
where to obtain Zn—Fe contributions, the chalcophanite structure 80
was modified by replacing Mn with Fe (36, 37). Typically, a chal-
cophanite crystal consists of edge-sharing Mn(ly¥0otahedra
that alternate with layers of Znions and water molecules (36, 38).
ForZnCGQ; - nH,0, hydrozincite (Zg(OH)s(COs3), was used for 40 'W\AN\WWV i

fitting (39). ZnFe 0, 298K

ZnO-nHZO 298K

Zn0 77K

RESULTS AND DISCUSSION

Zn Standards

The XAS spectra of Zn standards in Fig. 1 show that for each

standard the¢-amplitude decreased with increase in tempera- k[A"]
ture as a result of the increase in contributions from thermal
vibrations. Unlike other Zn standards, the spectra of aqueouE!G- 1. Background-subtracted, normalized, and averagédveighted

. . . - . XAS spectra of Zn standards studied at Zn K-edge in transmission mode a:
zinc nitrate show Only first-shell contributions as would be e)ﬁ]nction of temperature. ZnMy®©; structure is generated from crystallographic
pected. Figure 1 also includes chalcophanite, which was 9B, using FEFF7 (34).
erated theoretically using FEFF7. Resultant Fourier transforms
along with the fits for these standards are presented in Fig. 2 ar\éj

in Table 1 where their structural parameters generated from 8" the_ second-_shell coordination numbers were fix_ed. T
P g ¥ sulting first shell includes 5.2-5.6 O atoms at 241 2vhile

fits are compared with those of their known structure (shown . N
P ( é& second shell showed good fits for four Zn atoms at 3.14

parentheses). For aqueous zinc nitrate the first shell consi o ) :
of 5.83+0.39 O atoms at an average radial distanBg ¢f and two O atoms at 3.24. No stable fits were obtained when
arbon was included in the second shell; this may be due

2.184 0.04 A; these parameters are indicative of the octah . . -
dral coordination of Zn by O in the aqueous solution. Recentl 1e smaller single scattering contributions from carbon as cor

Trainoret al.(30) reported 6.1 O atoms at 2. 8&round Zn from Pared to Zn and oxygen. Hesterbetgal. (42) reported the first
XAFS studies with a 10 mM Zn(N§), at pH 3.6: Numako and shell for ZnCQ to consist of 6.2_0 at 2.08, while that of zinc
Nakai (40) estimated the Zn—O distance in 0.1 M Zng){Qo hydroxy carbonate was comprised of 6.2 O atoms at A01
be approximately 2.08 when they assumed six oxygen atomgOr ZN(NGy)2(aq), ZNO- nH?O at 298 K, .and ZnCe nH0 at .
surrounded Zn in the primary hydration shell. From XAFS stuff‘-" temperatures, stable fits were obtained only when the thil
ies with an aqueous ZNEDTA solution at pH 3, Schlegedl cumulant (G) was included, which is indicative of moderate

(21) found two sets of O atoms contributing to the first Shelgisorder in their structures. In all other standards, the fits wel
2 F well described by a Gaussian distribution. Temperature stu

3.5 atoms at 2.0A and 3.2 atoms at 2.18. For ZnO and for | led a d in the Debve_Waller fatdr with
Zn0- nH0, the first shell was tetragonal comprising 3.3—-4 {s revealed a decrease in the Debye-Waller factoy it

atoms R = 1.96,&) and the second shell of 11.7—14.3 Zn atom@ decrease in temperature as a result of a significant contril_:
(R= 3.21—3.22&) was also observed; these results are consfon by the thermal compaonent of the pebye—WaIIer factor. Thi
tent with those reported by Trainet al. (30). Pandyat al. (41) result demonstrates the moderate disorder in the structures
investigated the local structure of Znin concentrated aqueouszno' nH0 and ZnCQ@- nHO.

hydroxide solutions. Using single and multiple scattering, th"j’n
determined that the Zn ions are in a tetrahedral configuration
with a Zn—0 bond distance of 1.9§ however, no satisfactory = The XAS spectra for Zn—HFO adsorption systems studied ¢
fits were obtained for the second shell. In the present researzliunction of pH, adsorbate loading, and scanning temperatu
the XAS spectra of ZnC® nH,O were fitted with hydrozincite, appear to be similar to each other (Fig. 3) as well as to th

—HFO Adsorption Samples
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FIG.2. Fouriertransforms (sol|d lines) of Zn standards studied at (a) 298 K
and (b) 77K, filtered over 2.65-13.65A(except Zn(N@)2,aq2.3-9.2A 1) and
fitted (dashed lines) with ZnMy©7 over 1.0—3.65’&xcept ZnCQ@- nH,O with

R [A]
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spectrum of the aqueous Zn These spectra exhibit a glitch
at 10.2A? , Which is due to the presence of a fracture in the
Si(111) crystal atthe X-11A beamline. The data are noisierin t
higherk range due to the highly disordered structure from HFC
Except for their magnitudes, these spectra resemble each ot
as a function of loading suggesting a similar adsorption reactio
Furthermore, adsorption does not appear to be a function of p
Because these spectra are similar to aqueods Epectra, it
appears the only backscattering contribution is from the fir:
shell of oxygen atoms.

Fourier transforms of these spectra filtered overkitange
2.3-9.2A~! show only one broad shell for all samples irrespec
tive of adsorbate concentration, method of contact (Fig. 4),
pH (Fig. 5). Fitting this shell between 0.5 and AZSuggests
the presence of 5.9-6.2 highly disordered oxygen atoms at
average radial distance of 2. A8The absence of a second shell
rules out the formation of any well-ordered Zn precipitates or
Zn—Fe solid solution. The results reveal that adsorption is be
represented as an outer-sphere complex. Temperature def
dence (Table 2 and Fig. 4) also confirms physical adsorptic
due to a significant contribution by the thermal component c
the Debye—Waller factor. Additionally, because these structur
parameters (Table 2) did not vary with the adsorbate loadir
or pH, an earlier hypothesis from macroscopic studies (10, 1
13) that Zn sorbs to HFO through one average type of site
Corroborated. The Zn—O distance in Zn—HFO samples is mu
shorter than those found for Sr, an alkaline earth metal, whic

hydrozincite over 0.6-3.8 And Zn(NQ@),.aq With ZnMnzO7 over 0.5-2.20 7 was also found to be physically sorbed to HFO (26); the restL

TABLE 1
XAS Spectra Data Analyses for Zn Standards?
First Shell

Standards Element N (atoms) R(A) o2 (A2 Csz (A3) E, shift (eV)
ZNn(NOg)2,aq, 298 K o) 583+ 0.39 218+ 0.036 39x10°%4+72x10% 219x104+30x10° 447+110
Zno, 77K 0 358+0.30(4) 1.96+1.0x103(1.97 206x103+20x10* — 1.234+0.18
Zno, 298 K 0 327+ 0.01 196+ 6.4 x 1074 263x103+59x%10°° — 0.97+0.06
ZnO-nH,0, 77 K 0 351+ 0.22 198+ 6.8 x 1073 357x103+26x10* — 2.06+0.31
ZnO- nH,0, 298 K 0 4064 0.01 2004+ 2.6 x 1073 409x1034+85%x10° 430x104+47x10° 1.88+0.13
ZnCOsz - nH,0, 77 K 0 56+035@6) 211+67x102(2.11) 444x1034+42x10* 387x10%+11x10° 493+0.10
ZnCO;s - nH,0, 298 K o 519+ 0.66 212462 x 1072 6.64x103+30x10% 1.04x103+80x10° 3.76+035

Second Shell

Standards Element N (atoms) R(A) o2 (A?) Cs (A3) % Res.
ZNn(NOg)2,aq, 298 K — 2.37
Zno, 77K Zn 12754+ 1.48 (12) 3.22+85x 104 (3.2]) 445x10°3+14x10* — 7.16
ZnO, 298 K Zn 1169+ 0.14 321+56x 104 947x10%+10x10* — 10.25
ZnO-nH,0, 77 K Zn 1427+ 0.17 322+29x 103 7.64x103+28x10* — 7.21
ZnO-nH,0, 298 K Zn 1054+ 0.09 324+19x 1078 110x 102+75x%x 10°° 275x 1074 +1.2x 10°° 8.35
ZnCOs - nH,0, 77 K Zn 4.004) 314+79%x102(3.18 1.05x102+20x10°3 —1.73x10%+6.7x 105 11.01

(o] 2.00 Q) 3.24 .24 304x102+78x 107 0.00
ZnCOs - nH»0, 298 K Zn 4.00 39+5.2x 1072 179x102+£59x 104 —217x10%+49x 1075 12.08
0 2.00 3.24 D2x102+14x10°3 0.00

2 Numbers in parentheses represent the corresponding structural parameters of the reference. Associated errors (standard deviations) peeseatedagied
parameter result from individual scans. XAS spectra were Fourier transformed from 2.64 to 13,68éept for aqueous Zn(Ng» which was from 2.3 to
9.2 AL, Two-shell fits ranged from 1.0 to 3.65 &xcept for aqueous Zn(Ng» which involved one shell from 0.5 to 2.2 A
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FIG. 3. Background-subtracted, normalized, and averakizeveighted
XAS spectra of Zn sorbedtl g L~ HFO studied at Zn K-edge in fluores-

cence mode as a function of pH, adsorbate loading, and temperature compare

with that of aqueous Zn(N§), collected in transmission mode.

Zn—Goethite Adsorption Samples

Zinc sorption to goethite was studied as a function of pH in thi
site saturation range as determined from macroscopic isothe
studies (11, 13). The averaged XAS spectra are similar in pha
suggesting that the sorption mechanism does not change w
pH (Fig. 6a). Interestingly, these spectra do not resemble tho
of agueous Zn(Ng), or Zn—HFO systems suggesting that the
local structure of Zn changes upon sorption to goethite. Th
presence of a second back scatterer is indicative of a seco
shell. Thermodynamic analyses from macroscopic experimer
indicate that Zn adsorption to goethite is an endothermic cher
ical type of reaction resulting in the formation of inner-sphere
complexes (13, 14).

To further test the type of adsorption mechanism, spectra we
fit with a theoretical standard generated by substituting Mn ior
in chalcophanite with Fe ions as described in the XAS analyst
section. Accordingly, results (Fig. 6b and Table 2) show the
the first shell is disordered and consists of approximately fot
oxygen atoms at an average radial distance of A9These
parameters suggest that Zn ions do not retain their octahed
hydration shell upon adsorption to goethite. Waychueiaal.
(29) also found that upon sorption to ferrihydrite,?Zrions
were converted from octahedral configuration to a tetrahedr

0.5

0.4}
10 moles Zn Coppt pH 7 298K

demonstrates the higher affinity of transition metals for HFO in
comparison to that of alkaline earth metals (10, 12). The Zn—
HFO coprecipitate was also found to exhibit a local structure
consistent with the adsorption samples suggesting that Zn is

0.3}

only physically sorbed on the microporous surfaces (Fig. 4 and

Table 2). Because Zn was present during the HFO precipitation,
the ion could potentially sorb on the HFO nanoparticles prior to
its aggregation and formation of microporous surfaces. Interest-
ingly, through macroscopic studies, Crawfetdl.(43) demon-
strated that although the coprecipitation of metal ions like Zn
and Ni with amorphous iron oxide is more efficient than ad-
sorption, the free energy changes of these two processes ar
comparable.

Spadiniet al.(6) found from their XAFS studies that Cd sorp-
tion complexes with two-line ferrihydrite are independent of pH
and of adsorbate loading as well. They observed approximately
one Fe atom at 3.32A and 3.50A from the central Cd atom
(Table 3). Similarly, Scheinost al. (17) could fit one Fe atom
at 3.3A from either Cu or Pb sorbed to two types of two-line
ferrihydrite (freshly precipitated and resuspended freeze-dried
oxide). They further observed that this local structure of sorb

=

FT[x(k) *
(=]

0.14

10 moles Zn adsorption 298K

STELTI L R e

107 moles Zn adsorption 298K

107 moles Zn adsorption 77K

3
RIA]

1G. 4. Fourier transforms (solid lines) of Zn K-edge XAS spectra of Zn

bedd 1 g L~! HFO at pH 7, presented as a function of Zn concentration

Cuor Pbion was invariant of reaction time (up to 8 weeks), tyRfethod of contact, and temperature, each filtered ovek taage 2.3-9.7 Al

of ferrihydrite, and presence of competing ions or fulvic acid

.and fitted with chalcophanite (dashed lines) from 0.5 to 2.20 A
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FIG. 5. Fourier transforms (solid lines) of Zn K-edge XAS spectra o
103 mol of Zn sorbed to HFO (1 g t1) at 25C, presented as a function

of pH, each filtered over thlerange 2.3-9.7 Al and fitted with chalcophanite
(dashed lines) from 0.5 to 2.20 A
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one. As discussed earlier, Trainet al. (30) observed that at
low sorption densities<€1.1 xmol m~2) Zn?* sorbs to alumina
as amononuclear innersphere complex with tetragonal first-sh
coordination and an average Zn—0O distance of A9®&rainor

et al. (30) also observed two additional oxygen atoms in th
first shell at the higher sorption densities; however, they argL
that given the short Zn-O distances (2.01— 2A()4n the first
shell, these additional oxygens may be from the alumina surfa
resulting in a distorted octahedra. In contrast, Zn sorbed to HF
(inthis study), to goethite (21), and to pyrophyllite (31) appeare
to retain its six-fold oxygen coordination. One potential reaso
for differing results between Schlegatlal.(21) and this goethite
work is the degree of oxide crystallinity.

In the Zn—goethite systems, the second shell was best fitt
with 1.7-2.4 Fe atoms at 2.49-2 A](Table 2) suggesting that
Zn ions are chemically sorbed to goethite forming an innel
sphere complex. These results are in agreement with the hi
adsorption enthalpies noted for Zn and Ni sorption to goethi
(13). No fits were obtained with oxygen or Zn in the secon
shell. The structural parameters for Zn—goethite systems she
very little temperature dependence (Table 2) suggesting grea
static contributions as compared to thermal ones. This temp
ature effect is consistent with chemical bonding. The Zn-F
distances observed in this research are comparable to the m
other systems studied (Table 3); for example Cd—Fe distanc
found for Cd adsorption to goethite are 3.26 and 3\48/here
{he Fe coordination number at 3. #8is 3 times greater than
that at 3.268 (6). Usingy -FeOOH to fit the second shell for Zn
sorbed to goethite, Schlegatlal. (21) estimated 0.9 Fe atoms at

TABLE 2
XAS Parameters of Zn-HFO and Zn—Goethite Adsorption Samples Filtered from 2.3 to 9.2 A-1a
Zn loadings Eo shift
(molg™b) Adsorbent T (K) N (atoms) R (A) o2 (A2 Cs3 (A3) (eV) % Res
First Shell: Oxygen
102, pH7 HFO 77  619+028 218+23x10° 883x103+66x10% —1.00x10*4+34x10* 256+0.86 4.09
102, pH7 HFO 298  2+024 219+48x10°% 911x103+65x10% —940x104+40x10* 537+169 521
1073, pH 8 HFO 298  @08+026 218+32x103% 810x103+93x10% —-870x10%+29x10% 356+031 551
1073, pH 7 HFO 298 6103+053 218+37x102% 999x103+206x 103 —998x104+33x10* 3.324+098 4.63
1073, pH 6 HFO 298  6l11+051 218+23x103% 966x103+41x10% —-152x10%+19x10% 355+097 7.52
1073, pH 7 HFO 298 621+0.35 218+42x103 955x103+76x10* —499x104+22x10* 350+1.09 5.16
1.2x 1075 pH6 Goethite 77 ®5+053 197+28x10°3 939x10°3+85x10% -565x104+1.1x 104 9.37+0.70 8.78
20x 1075 pH7 Goethite 77 ®4+043 197+21x10°% 991x10°3+36x10* -—254x10“4+38x10° 910+058 8.19
12x 105 pH6 Goethite 298 £4+036 197+40x103% 950x10°3+13x10°% —-326x10%+45x10% 1.90+090 9.86
20x 105 pH7 Goethite 298 £9+0.37 197+51x103 1.06x1024+99x10* —6.60x10°+38x10° 216+069 6.72
Second Shell: Iron
1.2x 1075 pH6 Goethite 77 B4+055 3544+31x10°% 135x102+15x10% —335x10%+21x10* 937+070 8.78
20x 1075 pH7 Goethite 77 B9+014 354+24x10° 101x102+31x10% -—389x10°+26x10° 9.10+058 8.19
12x 105 pH6 Goethite 298 T4+032 352+48x103 143x102+26x10°3 —481x10%+39x10% 1.90+090 9.86
20x 105 pH7 Goethite 298 29+0.29 351+19x102 1.08x102+25x10°% —594x10°+36x10° 216+0.69 6.72

a Errors provided with the parameters are based on standard deviations resulting from individual scans. Typically the uncertainties in N dredxtiaGe
for the first shell and 30% for the second shell. Similarly, variationR are estimated to be 0.03fér all shells. For goethite adsorption samples multiple shells

were fitted over 0.5-4.2 And for all HFO samples were fitted over 0.5-2.2 A

b Sample prepared by coprecipitating£amol of Zn with HFO (1 g L) at pH 7 and aging for 4 h.
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TABLE 3
Other Relevant XAS Studies at Room Temperature

First Shell (Oxygen) Additional Shells
References Oxide Adsorbate pH N R(A) Element N R(A)
18° G crt 4.0 c c Fe, Cr 1.1 3.01
Fe, Cr 0.8 3.45
Fe, Cr 1.2-1.9 3.95-3.99
F cet 4.0 ¢ c Fe, Cr 2.1-3.0 3.00-3.05
Fe, Cr 0.4-0.8 3.40-3.46
Fe, Cr 1.5-2.2 3.95-4.03
5 G Seq~ 35 4.0 1.65 Fe 2.0 3.29
F seG- 35 4.0 1.65 Se or Fe 0.4 2.76 or 2.80
Fe 1.8 3.30
6 G Cd* 75 5.5-6.2 2.30 Fe 0.2-0.7 3.24-3.31
Fe 0.6-1.2 3.46-3.51
F cdt 6.7-9.5 4.0-5.0 2.27-2.31 Fe 0.7 3.32
Fe 0.8 3.50
22 G P+ 6.0-7.0 2.2-2.4 2.26-2.27 Fe 0.2-0.3 3.31-3.36
H PRt 6.0-8.0 2.0-2.4 2.27-2.30 Fe 0.2-0.5 3.27-3.31
20 G AsG- 6.0-9.0 3.7-3.9 1.66-1.67 Fe 0.6-1.3 2.84-2.85
Fe 1.0-1.6 3.23-3.24
Fe 0.4-1.1 3.59-3.60
G Croz- 5.0-6.0 3.9 1.68-1.69 Fe 0.4-1.0 2.91-3.29
0.8-1.5 3.27-3.63
21 G Zrtt 7.0 6.0 2.10 Fe 0.9 3.00
1.2 3.20
23 G PB+ 5.0-7.0 2.1-2.9 2.26-2.33 Fe 0.3-0.7 3.00-3.36
0.3-1.1 3.86-3.93
42 G AsG~ 6.4-8.6 3.0-3.1 1.78-1.79 Fe 2.3-2.4 3.36-3.40
24 G PB+/HPO, 5.5 4.0 2.30 Fe 1.6 3.35
25 G Hg* 4.6 2.0 2.04 Fe 1.0 3.28
28 G SP+ 6.4-8.6 8.2-9.7 2.58-2.61 d d d
8.46-9.9 8.3-10.1 2.58-2.63 C 0.4-3.8 3.03-3.05
Sr 1.5-3.3 4.13-4.90

a G, goethite; F, two-line ferrihydrite; H, hematite.

b Fe and Cr equally contribute to the second shell and the correspoRdiegresents the averaged distance over both metals.
¢ Shells not reported.

4 No shells observed.

3.00A and 1.2 Fe atoms at 3.20 On the other hand, ZnEDTA, contributions Jincluded two Fe atoms with one at 2504nd the
upon sorption to goethite, maintained its local structure similather at 3. 29, while in an As(V)—goethite system, Fe atoms
to thatin the aqueous phase (21). As discussed above, Schein@st observed at 2. g5 3.24A, and 3.59 (20). For arsenite, a
et al. (17) conducted kinetic studies for Cu and Pb sorption tridentate complex was found with Fe atoms located at 34378
two-line ferrihydrite in single and binary systems, where on@4). Onthe other hand, O’'Dagt al.(1) studied a zinc—iron oxy-
Fe atom was observed in the second shell for either Cu or Rgdroxide coprecipitate, where they fitted the first shell with tw
Mercury was also found to form an inner-sphere adsorptimxygensat1.92and 2. @dand the second shell with a mixture of
complex with goethite at pH 4.6, where its first shell containetl2 Zn atoms at 3. 54 and 0.7 Fe atoms at 3.12 Trainoretal.
approximately two oxygen atoms at 2. @4and the second (30) also observed a mixed Zn/Al second shell at Adshere
shell consisted of approximately one Fe atom at 328nd the coordination number increased with sorption density (30
3.82 A (25). From XAS studies of Pb sorption to goethitdn another interesting study, Manceaual. (45) prepared Zn—
and hematite, Bargat al.(22, 23) proposed that Pb ions formedyoethite by aging Zn—ferrihydrite coprecipitate under alkaline
mononuclear sorption complexes with Fe ions inthe second stedhditions at 76C for 93 days. The resultant oxide was found
at 3.27-3.31A for hematite and at 3.31-3.36 for goethite. to have a first shell comprising two O subsheli: = 1.1 at
However, no Pb atoms were observed in the second shell forPB7A and N, = 5.4 at 2.054, while the second shell exhibited
and Pb—chloro adsorption complexes indicative of the abserecevide distribution of Fe atoms with radial distances rangint
of Pb precipitates. In chromate sorption to goethite, second-sHedim 3.0 to 3. 48A.
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FIG. 6. (a)Background-subtracted, normalized, and averagaueighted XAS spectra of Zn sorbed to goethite (1d)studied in fluorescence mode using
a Ge solid-state detector presented with (b) corresponding Fourier transforms (solid lines) fitted with (dashed lines) Fe-substituted thataoghathgenerated
with FEFF7. Thek range for Fourier transforms is 2.3-9.2Awhile the R window for multishell fitting is 0.5-4.20 A
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