Residence Time Effects on Arsenate Adsorption/Desorption Mechanisms on Goethite
S. E. O’Reilly,* D. G. Strawn, and D. L. Sparks

ABSTRACT

In order to make sound decisions regarding arsenate contamination
in soil and water environments, it is necessary to have a thorough
understanding of the mechanisms of arsenate sorption and desorption
over extended periods. The major objectives of this study were to
determine the effects of aging or residence time on the kinetics of
arsenate sorption and desorption on goethite, and to combine spectro-
scopic x-ray absorption fine structure (XAFS) and macroscopic studies
in order to determine sorption and desorption mechanisms over time
at pH 4 and 6. Sorption studies, conducted from 4 min to =12 mo,
showed that arsenate sorption on goethite increased with time. Sorp-
tion was initially rapid, with over 93% arsenate being sorbed in a 24-h
period at pH 6. Similar arsenate adsorption behavior was observed
at pH 4. Analysis of the samples with extended x-ray absorption fine
structure (EXAFS) revealed that there exist two distinct atomic shells
surrounding the adsorbed As. The closest atomic shell was identified
as an O atom, the next shell out was identified as an Fe atom. The
As-Fe bond distance of 3.30 ;\, derived from XAFS data, is indicative
of a bidentate binuclear bond forming between the arsenate atoms
and the goethite surface. This is in agreement with the findings of
previous researchers. Analysis of the As EXAFS from samples incu-
bated for various periods indicated that the molecular environment
did not change over time. Complimentary desorption kinetic studies
showed that when aging was increased, there was no significant change
in the amount of arsenate desorbed from goethite by PO;". Initially,
desorption was quite rapid with >35% of the total adsorbed As being
desorbed within 24 h at pH 6. After the initial rapid desorption, only
a small amount of additional desorption occurred at longer times. A
significant amount of arsenate remained bound to the goethite after
5 mo of desorption even though the PO}  desorptive solution was
three times stronger than the initial arsenate sorptive solution. Sulfate
was much less effective at promoting arsenate desorption; at pH 6,
no more than 2.5% of the total sorbed arsenate desorbed over a 5-mo
period. Desorption results at pH 4 were similar to the desorption
behavior at pH 6. The XAFS analyses of PO}~ desorbed arsenate
samples showed that the molecular environment of the adsorbed
arsenate did not change.

AA RESULT OF NATURAL and anthropogenic sources,
the distribution of As is virtually ubiquitous in the
environment. The major oxidation states of As in the
soil environment are As(III) (arsenite) or As(V) (arse-
nate). As(III) can be oxidized in soils by manganese
oxides to form As(V) which is the dominant species
under nonreducing conditions in soils. The acid dissocia-
tion constants for H;AsO, are: pK; = 3.60, pK, = 7.25,
and pK; = 12.52 (Whitten et al., 1992). The primary
sorbent phases for arsenate are hydr(oxides) of Fe and
Al (Fordham and Norrish, 1974, 1983; Huang, 1975;
Livesey and Huang, 1981; Pierce and Moore, 1982).
Arsenate can also sorb to micron-size particles of rutile
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and anatase, but it does not sorb significantly to pure
clay minerals or soil organic matter (Fordham and Nor-
rish, 1979, 1983; Jacobs et al., 1970). Arsenate sorption
on soils and soil components vs. pH increases until maxi-
mum sorption is reached and then sorption decreases
with further pH increase (Goldberg and Glaubig, 1988;
Xu et al., 1988). For example, arsenate sorption on
montmorillonite and kaolinite increased at low pH, dis-
played a peak near pH 5, and decreased at higher pH
values (Goldberg and Glaubig, 1988).

Goethite (a—FeOOH), the most common iron oxide
in soils, has double bands of FeO;(OH); octahedra
which share edges and corners to form 2 by 1 octahedra
tunnels (only large enough to accommodate the passage
of protons) partially bonded by H bonds (Cornell and
Shwertmann, 1996; Schwertmann and Cornell, 1991;
Sparks, 1995). Goethite exhibits needle-shaped crystals
with grooves and edges (Sparks, 1995).

Researchers have shown that arsenate is specifically
sorbed onto iron oxides such as goethite through an
inner-sphere complex via a ligand exchange mechanism
(Fuller et al. 1993; Fendorf et al., 1997; Grossl et al.,
1997; Hsia et al., 1994; Lumsdon et al., 1984; Parfitt,
1978; Sun and Doner, 1996; Waychunas et al., 1993).
Sun and Doner (1996), using Transmission-Fourier
Transform Infrared (T-FTIR) and Attenuated Total
Reflectance-FTIR (ATR-FTIR) spectroscopy, found
that arsenate replaced two singly coordinated surface
OH groups to form binuclear bridging complexes. Lums-
don et al. (1984), using infrared spectroscopy, discov-
ered that the HAsOj™ ion participated in ligand ex-
change reactions displacing singly coordinated surface
hydroxl groups to adsorb as a binuclear species. EXAFS
studies by Fendorf et al. (1997), Waychunas et al. (1993),
and Manceau (1995) found that bidentate binuclear
complexation was the major bonding mechanism for
arsenate adsorption on goethite. On the basis of a pres-
sure-jump relaxation study and confirmed by EXAFS,
Grossl et al. (1997) and Fendorf et al. (1997) demon-
strated that arsenate can form three types of surface
complexes on goethite depending on the surface cover-
age level (Fig. 1 and Table 1). At their highest loading
level (I' = mol As/mol Fe; log I' = —2.05), Fendorf et
al. (1997) fit a shell at 324 A dominated with the
fits being improved significantly by the addition of a
shell at 2.85 and 3.59 A. Their XAFS data indicated
that monodentate surface complexes (R p. = 3.59 A)
dominated at low surface coverages, bidentate mononu-
clear complexes (Rysr. = 2.85 A) dominated at high
surface coverages, and bidentate binuclear complexes
(Rasre = 3.24 A) dominated at surface coverages near
monolayer capacity. Grossl et al. (1997) proposed that,
at extremely low surface coverages, a ligand exchange

Abbreviations: EXAFS, extended x-ray absorption fine structure;
PZSE, point of zero salt effect; RSF, radial structure function; XAFS,
x-ray absorption fine structure.
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Fig.1. Schematic illustration of the proposed adsorption mechanisms of arsenate onto goethite.

reaction of H,AsO; with surface OH groups formed
the monodentate complex. At high surface loadings, the
sorption of arsenate was dominated by the formation
of bidentate surface complexes after a second ligand
exchange reaction occurred; however, along with the
surface coverage, the pH of the samples was also differ-
ent (the two lowest loading levels in their study had
higher pH values) (Table 1) because the authors ad-
justed pH to control the loading levels. This may have
caused changes in the goethite surface charge and the
species of arsenic in solution which in turn could change
the favored bonding complex on the goethite. Waychu-
nas et al. (1993) fit an As-Fe peak with 2.35 * 0.26

As—Fe bonds at 3.29 + 0.04 A which indicated bidentate
binuclear bridging for most of their samples. They fit a
second Fe shell only for the sample with the lowest
arsenate loading (As/Fe 0.0015 or logI' = —2.82) (Table
1). This shell was located at a distance of 3.65 A from the
central As atom, which corresponds to a monodentate
arsenate complex. Waychunas et al. (1993) and Fendorf
et al. (1997) concluded that As(V) forms inner-sphere
bidentate (bridging) complexes on both goethite and
ferrihydrite, but, at very low surface coverages, monode-
ntate complexes may form on crystalline goethite under
the conditions in their study. Waychunas et al. (1993)
found that the fraction of monodentate bonds decreased
as the arsenate coverage increased for the amorphous
iron oxide samples. Over a 1- to 7-wk period, they did
not see an aging effect on the fraction of monodentate
bonds in the ferrihydrite samples; however, Manceau
(1995) argued that the monodentate structure seen by

Table 1. Comparison of pH and loading levels of XAFS studies.

Waychunas et al. (1993) was misinterpreted and that a
bidentate mononuclear complex (Rasr. = 2.83 A) as
seen with selenate, was what really formed on the goe-
thite. Manceau (1995) surmised that the bidentate
mononuclear complex would not occur in more crystal-
line samples and that it may also vanish at higher loading
rates. Manceau (1995) did agree that the primary sorp-
tive complex was a bidentate binuclear bridging com-
plex. In a rebuttal to the remarks of Manceau (1995),
Waychunas et al. (1995) cast doubt on the stability of
the edge sharing arsenate group (R r. = 2.83 A) and
showed that the corner-sharing bidentate arsenate
model (Ryr. = 3.26 A) dominated in most of their
samples.

Adsorption of arsenate has been shown to be rapid
initially and decrease with increasing equilibration time
(Ferguson and Anderson, 1974; Fuller et al., 1993;
Livesey and Huang, 1981; McGeehan et al., 1992; Pierce
and Moore, 1982; Raven et al., 1998). In fact, Onken
and Adriano (1997) found that As became more recalci-
trant in soils over time; however, most kinetic studies
have been conducted over very short time periods of
minutes and hours. Fuller et al. (1993) found that slow
adsorption of arsenate on ferrihydrite continued for a
minimum of 192 h, and investigations with Co, Cd, Pb,
N, and Zn have also shown continued slow sorption
(Ainsworth et al., 1994; Backes et al., 1995; Bruemmer
et al., 1988). Longer term studies are more applicable
to contaminated soils where the metal or metalloid may
have reacted with the soil for months and years (Sparks,
1995). Hypotheses for the slow sorption mechanisms

Desorption studies on sample

Sorption studies adsorbed for 1032 h

Waychunas et al. (1993) Fendorf et al. (1997)

Proposed sorption

Proposed sorption

Proposed sorption

Proposed sorption

Sorption log I' pH mechanism Desorption log I' pH mechanism logI' pH mechanism logI' pH mechanism
05h -183 6 bidentate 24 h -2.01 6 bidentate -215 8 bidentate —-2.05 6 monodentate
binuclear binuclear binuclear
24 h -1.77 6 bidentate 1h -1.81 6 bidentate —-2.82 8 monodentate -215 8 bidentate
binuclear binuclear mononuclear
168 h =177 6 bidentate =227 9 bidentate
binuclear binuclear
741 h -1.76 6 bidentate
binuclear
1032h 177 6 bidentate

binuclear
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include diffusion, different sites of reactivity, or sur-
face precipitation.

Arsenate is not easily desorbable or removed. John-
ston and Barnard (1979) tested many soil extractants
(such as 0.5 M NH,F, 0.5 M NaHCO,, 0.5 M HCI, 0.5 M
KH,PO,, and 0.25 M H,SO,), however, none of the ex-
tractants removed more than 80% of the As after 18 h
of shaking, which was observed by other researchers
(i.e., Waychunas et al., 1993; Woolson et al., 1973).
Woolson et al. (1973) showed that arsenate could be
leached from soil by PO3 ™, and Melamed et al. (1995)
and Davenport and Peryea (1991) showed that arsenate
mobility was vastly enhanced by treatments with in-
creasing amounts of PO; ™. Phosphate-released As was
not significantly resorbed in the presence of added
POi~ (Amacher and Amacher, 1994; Peryea, 1991).
Misra and Tiwari (1963) showed that several mineral
acids (0.05 M H,SO, and 0.1 M HCl) and PO;~ solution
[0.1 M (NH,),HPO, and 2.5 X 10~* M Na-pyrophos-
phate] extract about the same amount of arsenate. Dar-
land and Inskeep (1997) conducted transport studies
using free iron oxides in a sand column and found that
POj~ effectively competes with arsenate; however, the
PO;~ was not able to desorb all of the applied arsenate,
regardless of whether the arsenate was applied concur-
rently or prior to POj~ addition (as in a desorption
study). Even when the applied PO3~ surpassed the col-
umn adsorption capacity by twofold, some arsenate re-
mained adsorbed to the free iron oxides in the sand.
Similarly, when the authors applied a high concentration
of PO}~ perpetually to a column that had heretofore
been spiked with arsenate, recovery of arsenate in the
effluent did not exceed 60%, even though the total
PO;~ loading was greater than the calculated column
capacity by more than two orders of magnitude (Dar-
land and Inskeep, 1997). In contrast, Pierce and Moore
(1982) found that once arsenate was sorbed to a natural
surface in an aqueous system, the sorbed arsenate was
not affected by the post addition of POj~ and SO;;
however, sorbed arsenate was affected, at low concen-
trations, by the prior addition of POj~ and SOj~ to
the system.

The ability of POj~ to compete with arsenate for
goethite surface sites was somewhat expected since
PO; -, like arsenate, is sorbed as an inner-sphere com-
plex via a ligand-exchange mechanism (Parfitt, 1978;
Persson et al., 1996; Tejedor-Tejedor and Anderson,
1990). Phosphate is considered an analog of arsenate
(they have similar chemical properties and behaviors).
They are both oxyanions in aqueous solution with three
similar acid dissociation constants. The acid dissociation
constants for H;PO, are: pK; = 2.13, pK, = 7.21, pK; =
12.44, and for H;AsO, are: pK; = 3.60, pK, = 7.25, and
pK; = 12.52 (Whitten et al., 1992); however, Lumsdon
et al. (1984) determined that arsenate may sorb more
strongly because, unlike PO3 ", the arsenate ion is larger
in size and interacts more strongly with some of the OH
groups that remain on the surface. Additionally, Barrow
(1992) concluded that POj~ becomes more competitive
over time since it is capable of slow sorption.

Sulfate can be sorbed as either an outer- or inner-

sphere complex (Gebhardt and Coleman, 1974; He et
al., 1997), however, only a few studies have provided
direct in situ spectroscopic evidence to suggest inner-
sphere complexation (i.e., Parfitt and Russell, 1977; Par-
fitt and Smart, 1977; Marten and Smart, 1987; Hug, 1997;
Peak et al., 1999). Zhang and Sparks (1990) hypothe-
sized that SO}~ adsorption on goethite resulted in the
formation of an outer-sphere complex via electrostatic
attraction. Kinjo et al. (1971) proposed that under the
conditions of their study (SOj~ concentration =0.05
M), SO}~ was adsorbed via outer-sphere complexation,
but at higher concentrations inner-sphere adsorption
was the operative mechanism. Myneni et al. (1997),
working in alkaline environments with the solid ettrin-
gite, reported no arsenate desorption in the presence
of SO3™ in high ionic strength solutions. Xu et al. (1988)
suggested that SO7~ can compete with H,AsO; and
HAsOj3 ™ and occupy surface sites on the alumina.

In short, since arsenate forms a strong, inner-sphere
complex with goethite, to promote desorption an effec-
tive ion would have to compete for the same sorption
sites (i.e., inner-sphere sorption). As discussed above,
studies have shown that PO;™ is able to form this type
of bond with goethite while SO7~ may or may not form
this type of bond with the surface depending on the
experimental conditions.

The results of Grossl et al. (1997) showed that desorp-
tion was the rate-limiting step in the reaction of arsenate
with a hydroxylated goethite surface since the rate con-
stants for desorption of arsenate from goethite were
lower than the rate constants for adsorption of arsenate.
Fuller et al. (1993) theorized that arsenate desorption
from a poorly crystalline iron oxide was limited by diffu-
sional processes. Accordingly, the goals of this study
were to combine macroscopic and molecular level stud-
ies to ascertain the effects of aging or residence time
on the kinetics and mechanisms of arsenate sorption
and desorption on goethite. Phosphate and SO3~ were
chosen as desorptive solutions because they are com-
mon soil nutrients. Such an understanding is necessary
to provide much needed information on the mobility,
persistence, and fate of As in the environment.

MATERIALS AND METHODS

The goethite used as a model soil component in this study
was synthesized in the laboratory using a modified version of
Atkinson et al., 1968. Ferric nitrate (0.2 M ) solution was slowly
titrated with KOH in a plastic bottle until the pH reached 12;
it was then put in an oven at 343 K overnight. The goethite,
which had settled to the bottom of the container, was washed
with dialysis tubing until the conductivity matched that of
distilled deionized water. Once the goethite was dialyzed, it
was freeze dried and stored in a vacuum desiccator.

The goethite was characterized by x-ray diffraction (XRD).
Surface area (BET N, adsorption) measurements were con-
ducted on a Micrometrics Surface Area Analyzer (Microme-
trics Instruments Corp., Norcross, GA); the surface area was
87.97 m? g~'. The point of zero salt effect (PZSE), calculated
via potentiometric titration analysis (Zelazny et al., 1996) was
6.8. Zelazny et al. (1996), and references therein, reported a
PZSE value of 7.3 = 0.2. Our value is slightly low, which
may be due to differences in experimental methods or minor
differences in the solid itself.
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Fig. 2. Arsenate sorption isotherm in triplicate on goethite at pH 6 and 298 K. The ionic strength was 0.1 M in NaNO;, and the solid/solution

was 10 g L™

A traditional test tube batch sorption isotherm experiment
was conducted in triplicate in order to better understand the
system. Initial arsenic concentrations of 0, 0.5, 0.75, 1.5, 2, 2.5,
and 3 mM sodium arsenate were equilibrated on a reciprocat-
ing shaker for 24 h at 298 K. All solutions were pre-equili-
brated at pH 6 and the pH was measured at the end of the
experiment. The final ionic strength in the tubes was 0.1 M
in NaNOj and the solid-solution was 10 g L™!. These experi-
mental conditions are similar to those described below. The
samples were then centrifuged and filtered through a 0.22 am
membrane filter. The filtrate was analyzed via inductively
coupled plasma atomic emission spectrometry (ICP-AES, En-
viro II, Thermo Jarrell Ash, Franklin, MA) for arsenate as
total arsenic. Figure 2 shows the results of the sorption iso-
therm of As(V) on goethite at pH 6. The shape of the isotherm
is similar to those found for arsenate on hydrous iron oxide,
and ferrihydrite (see Hsia et al., 1994; Raven et al., 1998).

Kinetic Studies

To study the kinetics of arsenate sorption on goethite, initial
arsenate concentrations were selected to meet the following
criteria: (i) the reaction pH should be =5 to 8, a common range
for natural soils, to promote arsenate as the predominant
species of As in solution, and (ii) the concentration of arsenate
in solution must be high enough to be in the detection range
for analysis via ICP and XAFS spectroscopy (in order for
complimentary spectroscopic studies and desorption studies
to be conducted).

The sorption kinetics experiments were performed with an
initial arsenate concentration of 2 mM Na,HAsO,7H,0O, and
a constant pH (either 4 or 6) using a stirred pH-stat apparatus.
Experiments were conducted using plastic batch reactors and
mixed with a stir bar to limit the effects of diffusion. The
experiments were primarily conducted at pH 6 (below the
PZSE); however, a few kinetic experiments were conducted
at pH 4. The sorbents were hydrated (in a 0.1 M NaNO;
matrix) and pH adjusted with 0.1 M HNO; 24 h before they
were reacted with the arsenate. The final solid/solution ratio
was 10 g L™%. The pH-stat automatically adjusted the pH and
recorded the amount of acid added. The sample was placed
in a water bath at 298 K, and CO, was controlled via N,

purging. Samples were taken from the batch reactor over a
period of 4 min to 12 mo. The samples were then centrifuged
and filtered through a 0.22 pm membrane filter. The filtrate
was analyzed via inductively coupled plasma atomic emission
spectrometry (ICP-AES, Enviro II Thermo Jarrell Ashe) for
arsenate as total arsenic. The ICP can measure As in the range
of 0.05 to 250 mg L™ with 95% accuracy. Arsenate sorption
was calculated from the difference between the initial and
final arsenate concentrations. Stock solution concentrations
were also confirmed via the ICP. External ICP standards were
used to confirm the concentration of the samples and the stock
solutions used in the experiments. Iron measurements were
taken to confirm that dissolution of the goethite was not oc-
curring. After 24 h of sorption, the vessel was removed from
the pH-stat since preliminary studies showed that the majority
of the reaction took place within this time. The vessel was
stored in a constant temperature chamber where it was period-
ically mixed and the pH was adjusted.

Desorption studies were conducted on goethite samples re-
acted with arsenate for times ranging from 45 min to 7 mo.
The adsorption samples were prepared for desorption by first
centrifuging the arsenate-reacted samples and washing by resus-
pending the samples with 0.001 M NaNO; (adjusted to pH 6)
and then centrifuging to remove entrained As (preliminary
studies showed that washing did not result in significant arsenate
desorption from the goethite surface). To initiate the desorption
experiment the paste was then resuspended in the desorptive
solution, 6 mM Na,HPO, - H,O or Na,SO, - H,O, by quickly
vortexing and sonifying the paste with the added desorptive
solution. The solid/solution ratio, ionic strength, pH of the solu-
tions, and sampling methods were the same as for the sorption
studies. Desorption sampling times ranged from 30 min to 5
mo. The amount of arsenate desorbed was quantified based on
ICP results. The total percentage of arsenate desorbed was
calculated by comparing the concentration of arsenate desorbed
as total arsenic to the amount of total arsenic sorbed.

Extended X-Ray Absorption Fine Structure
Spectroscopy Studies

Although macroscopic kinetic studies are very useful, they
cannot be used to determine a specific bonding mechanism. In
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Fig. 3. Arsenate (2 mM) sorption kinetics on goethite at pH 6. The ionic strength was 0.1 M in NaNO; and the solid/solution was 10 g L.

order to glean mechanistic information, detailed spectroscopic
and/or microscopic studies need to be performed to uncover
molecular and atomic resolution information (Sparks, 1995).
Thus, complimentary XAFS studies were conducted to pro-
vide information on how the local chemical environment of
the sorbed As(V) changes over long time periods and in the
presence of desorptive solutions. This information is extremely
relevant in situations in which a site has already been contami-
nated for long time periods and accurate risk assessments and
remediation procedures still need to be determined.
Selected arsenate aged samples (0.5 h-1 mo) were analyzed
using XAFS. Vessels were setup identically to the adsorption
pH-stat kinetic vessels and the contents of the vessel were
used as an XAFS sample. The vessel was removed from the
pH-stat, constant temperature chamber at the selected aging
time, centrifuged, and the supernatant decanted. After de-
canting the supernatant and analyzing for As and Fe as before,
the paste was washed with diluted electrolyte solution (0.001
M NaNO:; adjusted to pH 6) to remove any entrained solution
and then centrifuged once again to remove the solution. The
pastes were stored in a refrigerator to keep them moist and
to hinder microbial growth so the paste could be analyzed
using XAFS spectroscopy. Two samples that had sorbed arse-
nate for 1032 h (about a month and a half) at pH 6 were
subsequently desorbed with PO3~, 6 mM Na,HPO, - H,O
(adjusted to pH 6), for 1 h or 24 h and also were analyzed by
XAFS. The 24 h sample was replenished with fresh PO3~
solution every 12 h after centrifuging and collecting the previ-

ous solution. The goethite was then resuspended in the fresh
desorptive solution and all the old previous desorptive solu-
tions were analyzed as in the other experiments. The amount
of arsenate desorbed was calculated by adding the arsenate
present in each of the POj~ solutions used to desorb the
arsenate. The remaining experimental parameters were con-
sistent with the methods above (pH-stat, etc.).

The XAFS measurements were made on beamline X-11A at
the NSLS (National Synchrotron Light Source), Brookhaven
National Laboratory, Upton, NY. The electron storage ring
is operated at 2.5 GeV with a current range of about 110 to
300 mA. The K edge of As (11 867 eV) was probed with an
unfocused beam. An Si(111) double crystal monochromator
was used with a 0.5 mm vertical entrance slit. In order to
achieve higher-order harmonic rejection, one of the mono-
chromator crystals was detuned 20% with respect to the other
crystal. The spectra were collected in fluorescence mode using
a Stern-Herald type detector equipped with a Ge-filter. Kryp-
ton gas was bubbled at 10 cm® (=1 bubble per sec) through a
Lytle detector (The EXAFS Co., Pioche, NV). The fill gasses
used in the ionization chamber were 90% N, and 10% Ar.
Samples were mounted in a 4- by 6- by 25-mm slot cut in a
stainless steel block or in thin Al holders with an open slot
to allow for both transmission and fluorescence data to be
collected if desired. The samples were sealed with Kapton
tape (Type K-104) to prevent moisture loss and minimize
x-ray absorption. The spectra were obtained at 77 K to reduce
thermal disorder of the sample.
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Fig. 4. Arsenate (2 mM) sorption kinetics on goethite at pH 4. The ionic strength was 0.1 M in NaNO; and the solid/solution was 10 g L'
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Data analysis was done using MacXAFS 4.0 (Bouldin et
al., 1995). The analysis proceeded as follows

1. To improve the signal/noise ratio, three spectra were
collected and averaged.

2. Merged scans were normalized relative to E, (deter-
mined from the inflection point of the derivative of
the spectra).

3. The chi function was extracted from the raw data using
linear preedge and a cubic spline postedge consisting
of two knots, and converting the data from energy to
k space.

4. The chi function was then weighted by k*® in order to
compensate for dampening of the XAFS amplitude with
increasing k.

5. The data were Fourier transformed (Ak = 2.7 — 14.5
A7 or Ak = 2.7 — 12.6 A™! for the 1 h desorption
sample) to yield a radial structure function (RSF).

6. The data were fit in R space as discussed in detail below
(identical results were found by fitting in k space).

Scorodite (FeAsO, - H,O, Ward’s Natural Science catalog
#46E7180, Rochester, NY) was used as a standard compound
because it was a good model for the arsenate/goethite sorption
product. The sample originated from the mines of Gold Hill,
Toole County, Utah, USA. The scorodite was ground with a
mortar and pestle and diluted to 1% by weight in boron nitride.
It was then packed into a thin sample holder and analyzed
via XAFS in the same manner as the As—goethite samples.
Since the chemical structural information is known for scoro-
dite, it can be fit theoretically and an amplitude reduction
factor can be calculated to use when fitting the samples. The
crystal structure (atomic positions) of scorodite was obtained
from Kitahama et al. (1975). The atomic positions and space
groups were input into the ATOMS program that generates
the input needed for the FEFF 6.01 code (Zabinsky et al.,
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Fig. 6. Arsenate desorption in the presence of phosphate (6 mA) at pH 4. The ionic strength was 0.1 M in NaNO;, and the solid/solution was
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Fig. 7. The k* weighted normalized x functions for samples incubated with arsenate for different lengths of time and the scorodite sample diluted
1% by weight in boron nitride. The solid line represents the experimental data, and the dotted line represents the multishell fit to the data.

1995). The FEFF code in turn generates the path files or the
single scattering theoretical spectra and phase shifts for the
As—O and As-Fe backscatterers. Ionization chamber fill
gas corrections (Bunker, 1988) and McMaster’s corrections
(McMaster et al., 1968) were done for the scorodite and later
for the As—goethite samples, but these corrections had no
significant effect on the fitting results, so they were not used.
After fitting, self-absorption corrections were calculated for
the scorodite and this value was used to obtain the new ampli-
tude reduction factor for the samples. The first two shells of
the data were fit, and the best fit was obtained by considering
all the first shell contributions to be As—O contributions and
all the second shell backscatterers to be As—Fe contributions.
Errors in the coordination number (N) and the interatomic
distances (R) were estimated by comparison of the EXAFS
fit results to the values given by Kitahama et al. (1974) for
scorodite. The accuracies of the R and N between As and the
first shell O backscatterers and the second shell Fe backscatter-
ers were equal or larger than the confidence limits of the
least-squares nonlinear fitting procedure. The accuracies were
+0.30% for the interatomic distances, =12% for the As-O
shell coordination number, and *38% for the As-Fe shell
coordination number.

RESULTS AND DISCUSSION
Sorption Kinetics Study

Figure 3 shows the results of the As(V) sorption kinet-
ics on goethite at pH 6. Since the last point plotted on
Fig. 3 was taken after almost a year, the ordinate is
broken. Initial arsenate sorption was very rapid with
over 93% being sorbed within a 24-h period. As time
increased, the total amount of As(V) sorption increased.
There were slight increases in sorption at the later times,
but since the initial sorption was so rapid and extensive,
there was not much As(V) left in solution to sorb at
the later time periods. After one year, almost 100% of
the added As(V) sorbed to the goethite. These results
were similar to those obtained by Fuller et al. (1993)

who also observed a period of rapid As(V) uptake fol-
lowed by continual adsorption, and McGeehan et al.
(1992) who saw rapid initial adsorption followed by a
plateau phase.

For comparison, an additional sorption kinetic study
was conducted at pH 4 (Fig. 4). The results were similar
to those obtained at pH 6 (Fig. 3). Initial sorption was
very rapid; total sorption increased over time, and after =1
mo, 100% sorption occurred; however, the initial arsenate
sorption was more rapid at pH 4 than at pH 6 with over
97% being sorbed within the first 24-h period (compared
with 93% at pH 6; Fig. 3). This result was not surprising

Transform Magnitude

R(A)

Fig. 8. Fourier transforms (radial structure functions, RSF) of the
normalized x functions in Fig. 7 for samples incubated for different
lengths of time, and scorodite diluted 1% by weight in boron nitride.
The solid line represents the experimental data, and the dotted
line represents the multishell fit to the data.
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Table 2. Structural parameters for As adsorption on goethite samples reacted for various lengths of time, and scorodite diluted 1% by
BN, derived from the best-fit results of the EXAFS experimental data.

As-O shell As-Fe shell

Sorption time E,t Ri# N§, 1t el R# Nit o?

A Az A Al
0.5h —6.04 1.69 4.9 0.0024 3.30 1.76 0.0028
24 h —17.80 1.70 4.7 0.0025 3.30 2.54 0.0068
168 h —4.61 1.69 4.2 0.0015 3.29 1.93 0.0049
741 h —5.96 1.69 4.8 0.0024 3.30 1.84 0.0042
scorodite —5.11 1.68 3.5 0.0020 3.37 2.48 0.0020

Fit quality confidence limits for parameters: # =0.30%, i =12%, £ +38%.

1 Phase shift.

% Interactomic distance.
§ Coordination number.
il Debye Waller factor.

since a sorption envelope experiment, data not shown,
revealed the sorption maximum was at pH 4.

The effect of sorption residence time (2 mM initial
arsenate concentration) on arsenate desorption kinetics
in the presence of 6 mM POj~ at pH 6 is shown in Fig.
5. Initially, desorption was very fast with >35% being
desorbed within 24 h. After the initial rapid desorption
the release slowed down. Total desorption increased
with time reaching about 65% total desorption after =5
mo. These results showed that a significant amount of
arsenate was still retained on the goethite after 5 mo
of desorption even though the PO3~ desorptive solution
was three times more concentrated than the initial arse-
nate sorptive solution. There was no measurable effect
of aging or residence time on the desorption of the
arsenate in the presence of PO3~ (Fig. 5). For example,
the amount of arsenate desorbed at =1 mo after a resi-
dence time of 0.7 h was 50% compared with 48% after
a sorption residence time of =7 mo.

Arsenate desorption kinetics in the presence of
PO; ™ at pH 4 is shown in Fig. 6. The goethite was reacted
with arsenate for 0.63 and 672 h (=1 mo) and then

w_
Adsorption 1032 h

subsequently desorbed for up to =1 mo. The results are
similar to those at pH 6. The initial arsenate desorption
was rapid with about 45% desorbed within the first 24 h.
Desorption then leveled off and the total percentage
arsenate desorbed at pH 4 after one month was =53%.
Similar to the pH 6 desorption data, there was no effect
of sorption residence time on arsenate desorption at pH
4. These results (i.e., Fig. 3 and Fig. 5, or Fig. 4 and Fig.
6) indicate that desorption is much slower than sorption
which is expected for a ligand exchange reaction
(McBride, 1994).

Although not shown, very little arsenate was de-
sorbed by SO%™ at pH 6 or 4 and residence time had
little, if any, effect on arsenate desorption. The maxi-
mum amount of arsenate desorbed was <3%. The re-
sults from our study are not surprising since SO% is less
strongly sorbed than PO3~ and is thus a much less effec-
tive desorbent (Geelhoed et al., 1997; Haque and Walm-
sley, 1973; Parfitt, 1978). The mechanisms for adsorption
of arsenate and SOj~ were probably not identical be-
cause arsenate adsorption should have decreased with
increased SOj~ concentration if the mechanisms were

-20 —

21
k(A)
Fig. 9. The k* weighted normalized x functions for samples incubated for 1032 h with arsenate and then desorbed for various times in the
presence of 6 mM phosphate solution and the scorodite sample diluted 1% by weight in boron nitride. The solid line represents the experimental

data, and the dotted line represents the multishell fit of the data.



O’REILLY ET AL.: TIME EFFECTS OF ARSENATE ADSORPTION/DESORPTION ON GOETHITE 75

Transform Magnitude

Adsorption 1032 h
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Fig. 10. Fourier transforms (radial structure functions, RSF) of the normalized x functions in Fig. 9 for samples adsorbed for 1032 h and desorbed
for various times in the presence of 6 mM sodium phosphate solution. The scorodite standard diluted 1% by weight in boron nitride is also
shown for comparison. The solid line represents the experimental data, and the dotted line represents the multishell fit to the data.

the same. In fact, Geelhoed et al. (1997) found that
POj~ was a stronger competitor for adsorption on goe-
thite than SO7~ in competitive adsorption systems with
PO;™ and SO;.

Extended X-Ray Absorption Fine Structure
Spectroscopy Studies

Figure 7 shows the background subtracted k* weighted
x functions (solid lines) along with their best fit (dotted
lines) for the samples reacted with arsenate for 0.5 to
741 h (=1 mo) and the scorodite standard [diluted 1:100
in boron nitride (BN)]. A sinusoidal beat pattern charac-
teristic of a strong first neighbor O—shell backscattering
atom is present in all of the sorption samples. The exis-
tence of numerous frequencies due to second shell back-
scattering would result in dampening or additive ampli-
tude effects on the peaks, or the formation of shoulders
due to a strong frequency differing from the primary
frequency; however, these characteristics are rather dif-
ficult to discern in the x function if their contributions
are small. The RSFs are generated by Fourier trans-
forming the x spectra. The representative frequencies
of the individual components in the x function are more
clearly illustrated in the RSF and thus can be more
readily detected in the RSF then in the x function. The
RSFs (uncorrected for phase shift) derived from the
XAFS data for the samples and standard are given in
Fig. 8 (solid lines) along with their best fit (dotted lines)
for the samples and the diluted standard. The structural
parameters (the number of coordinating atoms (), the
interatomic distance (R), and the Debye-Waller factor
(o) (which is indicative of disorder) derived from the
fitting procedure are given in Table 2. As was discussed
earlier, the best fit was obtained by considering all the
first shell contributions to be As-O contributions and
all the second shell backscatterers to be As—Fe contribu-

tions. The first shell centered at about 1.30 A (uncor-
rected for phase shift; Fig. 8) can be fit with 4.2 — 4.9
O backscatterers at R = 1.69 — 1.70 A from the central
As atom. The second peak, centered at about 2.90 A
(uncorrected for phase shift; Fig. 8), can be fit with 1.8 —
2.5 Fe backscatterers 3.29 — 3.30 A from the central As
atom. To infer the arsenate sorption mechanisms from
the XAFS data fits, we used the structural parameters
from Szytula et al. (1968) in ATOMS (note that the
space group of goethite has been reassigned since the
paper has been published; see Cornell and Schwert-
mann, 1996) and assumed a zero tilt angle for arsenate,
an ideal octahedral coordination for goethite, and no
bond relaxation. The As-O distance used was an aver-
age of our XAFS value (R0 = 1.69 A). For a monode-
ntate bond we calculated Ry, r. = 3.71 A, for a bidentate
mononuclear bond R r. = 2.36 A and for a bidentate
binuclear bond R, p. = 3.17 A. The R, r. value derived
from our XAFS data is 3.30 A, which is close to the
calculated distance for bidentate binuclear bonding.
Thus, we conclude that in our samples, arsenate is bound
to goethite via a bidentate binuclear complex.

We did not observe monodentate or bidentate mono-
nuclear bonds in our system. There is some evidence at
24 h (18 pM m™? or I' = —1.77) of a shell at 2.85 A
(about 2.55 A if one does not account for phase shift),
but most of the scans do not show significant evidence
of these peaks above noise or contributions from other
backscatterers other then those involved in bidentate
bridging. This could be because of lower pH values or
higher loading levels (log I' = —1.83 to —1.76) used
in our study compared with Fendorf et al. (1997) and
Waychunas et al. (1993) (see Table 1). Fendorf et al.
(1997) and Waychunas et al. (1993) observed the biden-
tate bridging bonds at higher loading levels on crystal-
line goethite. Our findings agree with Waychunas et al.
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Table 3. Structural parameters for As desorption from goethite in the presence of phosphate. The samples were reacted with arsenate
for 1032 h, and the sorbed geothite samples reacted with phosphate for various amounts of time. The scorodite standard (diluted
1:100 in BN) is shown for comparison. The parameters were derived from the best-fits results of the EXAFS experimental data.

As-O shell As-Fe shell
Desorption time E,f Ri# N§, 7t Lall R# Nit o?
A A A A
1h —7.39 1.69 5.2 0.0021 3.31 2.30 0.0041
24 h —7.18 1.70 4.5 0.0013 3.30 1.08 0.0021
scorodite —-511 1.58 3.5 0.0020 3.37 2.48 0.0020

Fit quality confidence limits for parameters: # £0.30%, 7 £12%, i *=38%.

1 Phase shift.

% Interactomic distance.
§ Coordination number.
1l Debye Waller factor.

(1993) in that precipitates are not occurring in this
system.

Overall, we did not see any clear differences in the
bonding mechanism of arsenate onto goethite among
samples reacted for different times. Arsenate appears
to be bound as a bidentate binuclear (bridging) complex
at pH 6, and it does not appear to alter its bonding
mechanism over a period of =1 mo.

Figure 9 shows the background subtracted k* weighted
chi functions (solid lines) along with their best fit (dotted
lines) for the samples incubated with arsenate for 1032 h
and then subsequently desorbed with PO3~ for 1 h up
to 1 wk, and the Scorodite standard (diluted 1:100 in
BN). The RSFs derived from the XAFS data for the
samples and standard are given in Fig. 10 (solid lines),
along with their best fit (dotted lines). The structural
parameters derived from the fitting procedure are given
in Table 3. The best fit was obtained by fitting the first
peak with O atoms and the second peak with Fe atoms,
just as with the adsorption samples. The first shell cen-
tered at about 1.30 A in the RSF (Fig. 10) was fit with
4.5 — 5.3 O backscatterers at R = 1.67 - 1.70 A from
the central As atom (Table 3). The second peak in the
RSF centered at about 2.90 A was fit with 1.1 — 7.2 Fe
backscatterers 3.29 — 3.30 A from the central As atom.

The arsenate that remained on the surface of the
goethite was examined to see if any changes in the
bonding mechanism occurred following the competitive
desorption process with PO3 ™. The Ry r. value derived
from our XAFS data was 3.30 A, which is close to the
calculated value of bidentate binuclear bonding. Thus,
we conclude that in our desorption samples, arsenate
was still bound to goethite via a bidentate binuclear
complex as it was observed in the adsorption studies.
The small peak appearing at 2.55 A in the RSF (Fig.
10) could indicate bidentate mononuclear bonding at the
lower loading levels, but this peak did not appear in all
cases; however, because of the lower loading levels (rela-
tive to adsorption studies), the signal/noise ratio was
lower. This makes the peak at 2.55 A indistinguishable
from the noise and other backscatterer contributions
(Table 2). During the desorption process arsenate seems
to be predominantly sorbed as a bidentate binuclear
bridging complex, and we did not observe any changes
in bonding mechanism following the one week PO3~
treatment.

In summary, our research showed that As forms

bidentate binuclear complexes on goethite under the
experimental conditions used in this study, and that this
bond was stable for extended time periods. The amount
of arsenate desorbed from the goethite using PO;j~ to
promote the desorption was much higher than the
amount of As desorbed using SO3 ™.
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