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’ INTRODUCTION

Surface adsorption reactions occurring at mineral/water inter-
face are of great importance for water treatment, nutrient manage-
ment, and soil decontamination.1,2 To achieve comprehensive
understanding of the adsorption mechanisms of aqueous solutes
to solid surfaces, research tools that provide detailed structural
information of species on solid surfaces are essential. In the past
thirty years, successful applications of extended X-ray absorption
fine structure (EXAFS) spectroscopy to inorganic ion adsorption
studies have demonstrated the power of spectroscopic techni-
ques in providing the details of interfacial solutes adsorption at
the atomic to molecular scale.3 However, EXAFS has some
limitation, for example, in studying the systems containing light
elements (i.e., P, Al, etc.). Therefore, the development of new
experimental techniques that complement EXAFS for probing
surface structures is an active area of research.

X-ray diffraction (XRD) has been used to determine the
atomic-scale structure of materials for a century by analyzing
Bragg peaks arising due to translation symmetry in crystals. How-
ever, this traditional method breaks down when one attempts to
study the structure of species with shorter length scales.4�7 One
way around this is to take the Fourier transform of the total
scattering pattern (both Bragg and diffuse scattering), correctly

normalized, to produce the pair distribution function (PDF).
The PDF shows the probability of finding an atom at a given
distance r from another atom.8,9 This technique does not require
long-range order and, therefore, is ideal for the study of liquids,
amorphous solids, and nanoparticles. Recently, with the high flux
and short wavelength X-rays available at third generation syn-
chrotron sources and the use of fast read out area detectors that
are able to simultaneously collect the total scattering pattern,
differential pair distribution function (d-PDF) analysis becomes
practical for a wide range of systems. This technique involves the
subtraction of a reference PDF of the pristine sample from the
PDF of the sample after reaction, leaving only the difference
between two samples.10�14 Recently, this technique has been
applied to the structures of adsorbates on the surface of nano-
materials.15,16 The correlations arising from the host�guest
relationship are obtained by subtracting the atomic correlations
of the bulk material (Host) from the adsorption material (Host +
Guest) as shown in Scheme 1. Harrington et al.,16 using high
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ABSTRACT: Structural information is important for understanding surface
adsorption mechanisms of contaminants on metal (hydr)oxides. In this work, a
novel technique was employed to study the interfacial structure of arsenate
oxyanions adsorbed on γ-alumina nanoparticles, namely, differential pair
distribution function (d-PDF) analysis of synchrotron X-ray total scattering.
The d-PDF is the difference of properly normalized PDFs obtained for samples
with and without arsenate adsorbed, otherwise identically prepared. The real
space pattern contains information on atomic pair correlations between
adsorbed arsenate and the atoms on γ-alumina surface (Al, O, etc.). PDF
results on the arsenate adsorption sample on γ-alumina prepared at 1 mM As
concentration and pH 5 revealed two peaks at 1.66 Å and 3.09 Å, corresponding
to As�O and As�Al atomic pair correlations. This observation is consistent
with those measured by extended X-ray absorption fine structure (EXAFS)
spectroscopy, which suggests a first shell of As�Oat 1.69( 0.01 Åwith a coordination number of∼4 and a second shell of As�Al at
∼3.13 ( 0.04 Å with a coordination number of ∼2. These results are in agreement with a bidentate binuclear coordination
environment to the octahedral Al of γ-alumina as predicted by density functional theory (DFT) calculation.
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energy synchrotron radiation, investigated the structure of
arsenate oxyanion adsorbed on the surface of 2-line ferrihydrite,
a naturally occurring iron oxyhydroxide with particles typically
2�3 nm in size.17,18 Using the differential PDF technique, several
correlations were observed, including an As�Fe correlation of
3.26 Å. This As�Fe correlation has a distance similar to that
obtained from As K-edge EXAFS,19,20 which suggested a brid-
ging bidentate binuclear surface structure of As absorbed on
2-line ferrihydrite. Further correlations were also observed in the
d-PDF, corresponding to the correlations between the adsorbed
As and the oxygen atoms from within the 2-line ferrihydrite
particle, which were not previously observed using EXAFS.

In this work, we expanded the application of d-PDF technique
to arsenate adsorption on γ-alumina (γ-Al2O3). γ-Alumina is an
important industrial nanomaterial and is extensively used in
geochemistry and environmental chemistry research as a model
compound for studying the surface reactivity of Al (hydr)oxides
and clays, as well as for the exploration of the mechanisms of
heavy metals/metalloids adsorption on metal oxides.21�25 Com-
pared to 2-line ferrihydrite (2 nm in size), the size of γ-alumina is
larger (10�20 nm); consequently, it is likely that there will be
less surface interactions for the same volume illuminated by the
X-ray beam. Another challenge for this system is the much weaker
X-ray scattering property of Al atoms due to its lower Z
compared to Fe. If d-PDF can successfully determine the arsenate
bonding structure on γ-alumina, this technique can be applied to
other engineered nanomaterials (e.g., nano-TiO2). The purpose
of this study is to apply the novel d-PDF technique to study the
mechanism(s) of arsenate adsorption on γ-alumina and to
compare the results with other experimental (X-ray absorption)
and theoretical (density function theory, DFT) techniques.

’EXPERIMENTAL SECTION

Preparation of Adsorption Samples. Adsorption samples
were prepared by adding 0.25 g of dry γ-alumina powder
(Aluminum Oxide C, Degussa) to 50 mL of vigorously stirring
solution containing 0.01MNaCl background electrolyte at pH 5.
We chose pH 5 because at this pH As exists almost 100% as
H2AsO4

� (aq). The pH was carefully maintained using auto-
matic titrators (Metrohm STAT 718) with 0.1 MHCl and 0.1 M
NaOH. The adsorption isotherm experiments were carried out at
pH 5 with initial As concentration of 0.1�10 mM. A short
reaction time (15 min) was chosen to avoid precipitation. After
reaction, the samples were centrifuged (10 000g, 15 min) to
separate the solid and solution. The supernatants were analyzed
for arsenate concentration using directly coupled plasma-atomic
emission spectrometry (DCP-AES).
Three wet paste samples with initial arsenate concentrations of

0.1, 0.4, and 1 mMwere prepared for EXAFS measurement. One
air-dried sample with 1 mM initial arsenate concentration was
prepared for both EXAFS and d-PDF studies. For d-PDF, a

control sample was prepared with identical treatment but with-
out adding arsenate to the solution.
Differential PDF. Powder diffraction experiments were carried

out at beamline 11-ID-B at the Advanced Photon Source
(APS; Argonne National Laboratory, Argonne, IL) using mono-
chromatic X-rays with energy of ∼90 keV (λ = 0.12702 Å) in
transmission mode with samples loaded in polyamide (kapton)
capillaries. The diffraction pattern was collected using an amor-
phous Si detector manufactured by General Electric.26,27 The
beamline was calibrated using a CeO2 standard (NIST 674b).
The data was converted from 2D to 1D using the program
Fit2D.28 Using the program PDFgetX2,29 PDFs were generated
by Fourier transformation of the total structure function, S(Q ),
with a Qmax of 24 Å�1, after being corrected for background
scattering, Compton scattering, and oblique incidence as de-
scribed previously.26 Differential PDFs were obtained by sub-
traction of a reference PDF (γ-alumina with no arsenate loading)
from a PDF of arsenate-sorbed γ-alumina in real space using
Microsoft Excel. The control was multiplied by an appropriate
constant to ensure that the scale of each PDF was the same.
Interatomic distances were quantified by fitting the peaks with a
Gaussian function.
EXAFS Spectroscopy. Extended X-ray absorption fine struc-

ture (EXAFS) spectroscopy data were collected on the arsenate
sorption samples and the reference compounds, a 10 mM As(V)
solution and the mineral mansfieldite (AsAlO4 3 2H2O). Details
of the data collection and analysis are provided in the Supporting
Information.
Quantum Chemical Calculations. The structures of ad-

sorbed arsenate anions on the (010) and (001) surfaces of
γ-alumina were calculated using quantum chemical calculation.
Details on the cluster construction can be found in Supporting
Information.

’RESULTS

Arsenate Adsorption on γ-Alumina. Systematic character-
ization of γ-alumina sorbent by powder X-ray diffraction, SEM,
TEM, and 27Al NMR are provided in Figures S1�S4, Supporting
Information. These results are consistent with previous studies of
similar material30 and indicate no impurity. Arsenate adsorption
isotherm was carried out within the range of 0.1 to 1 mM initial
arsenate concentration (Figure 1). Over this range, the surface
coverage increased from 19.1 μmol g�1 (0.13 molecules nm�2)
to 187.8 μmol g�1 (1.25 molecules nm�2). A Langmuir isotherm
equation,Q = (QmKC)/(1 + KC), was used to fit the adsorption
isotherm,whereQ is the amount of adsorbed arsenate (μmol g�1),
C is the equilibrium arsenate concentration (μM), Qm is the
maximum adsorption amount, and K is the equilibrium con-
stant for the sorption reaction. The fitting results (R2 = 0.97)
give theQm value as 319.2 μmol g�1 andK as 0.037. With higher
arsenate concentration (up to 10 mM), an adsorption capacity
of ca. 370 μmol g�1 can be achieved, but the extended isotherm
(Figure 1 inset) can not be well fitted using a one-site Langmuir
equation. Such sorption capacity of γ-alumina is comparable to
several other reported adsorbents,31,32 with the comparison
provided in Table S1, Supporting Information. The sample
prepared for d-PDF investigation has an arsenate surface loading
of 187.8 μmol g�1, much lower than the maximum adsorption
capacity. Given the short reaction time and low arsenate con-
centration,33 we consider it unlikely that any significant

Scheme 1. Illustration of Differential Pair Distribution
Function (d-PDF)
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amount of aluminum arsenate precipitates would form during the
sorption experiments.
Differential PDF. The PDFs of bulk γ-alumina, γ-alumina

with arsenate adsorbed on the surface, and the difference
between them (the d-PDF) are shown in Figure 2a. The d-PDF
comprises only correlations containing arsenate, as the other
correlations are present in both the loaded sample and the
control and are consequently subtracted out. The difference
between the two PDFs is very small (Figure 2a); consequently,
the d-PDF is noisy. However, two peaks at 1.66 and 3.09 Å are
clearly observed in Figure 2b. The first correlation at 1.66 Å is in
good agreement of the As�O distance (1.68 Å) in most arsenate
minerals (e.g., scorodite20), and the second peak at 3.09 Å is
assigned as an As�Al atomic pair correlation, the next logical
correlation in this system. The value of r is similar to the As�Al
distance (3.11 ( 0.03 Å) determined by Arai et al.22 using
EXAFS which suggests the formation of inner-sphere bidentate
binuclear complexes.
Figure S5 in the Supporting Information shows four d-PDFs

calculated using different values ofQmax in the Fourier transform.
The two aforementioned peaks remain at the same value of r no
matter what value of Qmax is used; other peaks in the d-PDF
calculated using a Qmax of 24 Å�1 (Figure S5, Supporting In-
formation) are not present at the same r in the d-PDFs calculated
using lower values of Qmax, indicative of noise. Owing to the low
signal-to-noise ratio, we cannot assign peaks at r values greater
than 4 Å, even though such assignments were possible in a similar
study of ferrihydrite.16 This is attributed to the higher electron
density of Fe compared to Al. All features beyond 4 Å are well
within noise according to the spectra processed using different
Qmax for Fourier transform (Figure S5, Supporting Information).
Arsenic K-Edge EXAFS. For comparison with the d-PDF

results, we obtained As K-edge EXAFS for the same samples as
well as the two model compounds (Figure 3a). The spectra of all
samples are dominated by a strong oscillation from the back-
scattering of the first oxygen shell, leading to a subtle difference
showing only at k ranges of ∼11�13 Å�1. The corresponding
Fourier transforms (Figure 3b) for all samples are dominated by
the contribution from the first oxygen shell, which is best fit with
∼4 O atoms at 1.69 ( 0.01 Å (Table S2, Supporting In-
formation). Compared to the arsenate solution sample, all
adsorption samples also show additional peaks at 2.5�3 Å in R
space, which are best fit with ∼2 Al atoms at 3.13 ( 0.04 Å,

similar to the results of Arai et al.22 However, due to the weak
backscattering property of Al atoms, the second shell is not well
resolved;22,32 therefore, the Debye�Waller factor was fixed at
0.006 to reduce the number of free parameters. This value is
determined from fitting of the reference compound mansfieldite.
No significant differences are observed between results obtained
for samples analyzed as wet pastes and dried powders.
Quantum Chemical Calculation. As previous studies22,25

only consider octahedral Al to interpret arsenate sorption
mechanism, we conducted quantum chemical calculations tomodel
the arsenate binding to γ-alumina (010) and (001) surfaces such
that both tetrahedral and octahedral Al are taken into account.
Tetrahedral Al on the (001) surface and octahedral Al on the
(010) surface of γ-alumina were constructed as suggested by
Pinto et al.,34 and arsenate was bonded to both types of sites.
Only the monodentate mononuclear structure was considered for
As atoms connected to tetrahedral Al sites (Figure 4a) because a
bidentate structure (i.e., edge-sharing) is not likely. Both amono-
dentate (Figure 4b) and a bidentate binuclear structure (Figure 4c)
were constructed for arsenate on the (010) surface, and a
bidentate mononuclear structure was excluded due to the instability
of this structure as previously suggested.20,35 An H2AsO4

� group

Figure 1. Adsorption isotherm of arsenate on γ-alumina at pH 5. Inset
shows extend adsorption isotherm to higher concentration range. Arrow
denotes the sample used for d-PDF analysis.

Figure 2. (a) The PDFs of γ-alumina (black line), γ-alumina loaded
with As (red line), and the difference between these two spectra
(multiplied 5 times for clarity; shown in blue line); (b) the smoothed
d-PDF of arsenate adsorbed on γ-alumina, r-averaged over normal-
ization ripples.



9690 dx.doi.org/10.1021/es200750b |Environ. Sci. Technol. 2011, 45, 9687–9692

Environmental Science & Technology ARTICLE

on γ-alumina was simulated in an attempt to mimic the reaction
occurring at pH 5. The DFT calculations suggest the interatomic
distances between As and Al for bidentate binuclear structures
are 3.09 and 3.23 Å. This is distinct from the two monodentate
models (Figure 4a,b), which give similar As�Al distances (3.36
and 3.37 Å, respectively).

’DISCUSSION

Arsenate Bonding Structure on γ-Alumina. The intera-
tomic distances of d(As�O) and d(As�Al) obtained by d-PDF,
EXAFS, and DFT are compared in Table 1. The d(As�O) de-
termined by d-PDF is 1.66 Å�, in good agreement with arsenate
tetrahedron15,20,22 and EXAFS analysis (1.69 ( 0.01 Å). Un-
fortunately, it is difficult for d-PDF to provide coordination
numbers, especially in a system with weak backscatterer (O and
Al atoms). In principle, analyzing the peak intensities for As�O
and As�Al correlations in the d-PDF could yield approximate
coordination numbers. However, such analysis is prohibited due
to the low signal-to-noise ratio. On the other hand, analysis of the
EXAFS data suffers from the weak back scattering properties of
Al atoms, resulting in large errors for the As�Al coordination
number ((40%). In such a situation, DFT calculations are useful
to help the interpretation of d-PDF and EXAFS data. The
predicted As�O distances in all DFT calculated clusters (i.e.,
1.68�1.79 Å) are in good agreement with those predicted by
Ladeira et al.35 and Sherman and Randall,20 which are also similar
to those experimentally measured by d-PDF and EXAFS. The
calculated As�Al distances for monodentate surface complexes
connecting to either tetrahedral Al or octahedral Al are similar
(∼3.36 Å) and are much larger than those measured by d-PDF
and EXAFS (∼3.09 and 3.13 Å, respectively). In contrast, the
bidentate structure (Figure 4c) gives two d(As�Al) as 3.09 and

3.23 Å. The averaged value (3.16 Å) is close to that from the
EXAFS and d-PDF values (Table 1). The small differences
between the averaged d(As�Al) obtained by DFT and those from
EXAFS/d-PDF are possibly due to the disordered nature of
γ-alumina.32,33 In addition, the second peak at 3.09 Å in the d-PDF
(Figure 2b) is as sharp as the first peak (As�O correlation). This
observation further implies that amonodentate structure is unlikely,

Figure 3. (a) k3-weighted EXAFS data of sorption samples and the
reference compounds, As(V) solution, and mansfieldite; (b) corre-
sponding Fourier transforms (not corrected for phase shift) showing
both raw (black lines) and fitted spectra (gray lines).

Figure 4. Optimized geometries of arsenate/alumina clusters calculated
using density functional theory: (a) Biprotonated monodentate As
coordinated with tetrahedral Al on (001) face; (b) biprotonated mono-
dentate As coordinated with octahedral Al on (010) face; (c) biprotonated
bidentate As coordinated with octahedral Al on (010) face. White balls
represent H atoms, green for O, light blue for Al, and purple for As. Only a
few atoms are shown for clarity. Graphics created with Materials Studio 5.5
(Accelrys Inc., San Diego CA).
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since the As�O�Al bonds in a monodentate surface complex
would have a large degree of freedom (i.e., rotation about the
As�O�Al linkage) and lead to a large thermal factor and a
broadening of this peak.16 It is worth noting that the average
As�Al distance (3.12 Å)measured for As adsorbed on γ-alumina
is slightly shorter than those for As adsorbed on gibbsite35 and
other Al-rich minerals36 (3.19�3.23 Å). This is possibly due to
the differences in local structures among these Al (hydr)oxides as
illustrated in the PDFs (Figure 5). The three samples with varied
initial As concentrations have similar EXAFS features and fitting
results, we therefore propose that arsenate forms bidentate binuclear
structure from throughout the concentration range examined,
i.e., from low surface loading (0.130 molecules per nm�2 or
0.216 μmol m�2) to high surface loading (1.25 molecules nm�2

or 2.08 μmol m�2).
Comparison of d-PDF and EXAFS. In this work, similar

interatomic distances were obtained from d-PDF and EXAFS
measurement, providing strong support for our interpretation of
arsenate bonding structure. As in inelastic X-ray spectroscopy,
EXAFS suffers from signal loss with the increase of incident X-ray
energy,37 resulting in a significant signal decay as the interatomic
distance increases in the radial structural function (RDF), whereas
PDF, intrinsically as a diffraction technique, is capable of avoid-
ing such signal loss. This is one reason that the As�Al correlation
is more evident in the d-PDF spectra than that in EXAFS analysis.

The peaks in PDF have a full width at half-maximum (fwhm) of
0.22�0.24 Å�1, which are intrinsically much sharper than those
in the RDF of EXAFS spectra (FMHW of 0.4�0.5 Å�1), such
that the interatomic distances can be obtained straightforwardly.
The drawback of d-PDF, especially at this developing stage, is the
difficulty in estimating the errors associated with interatomic
distances and coordination numbers, whereas EXAFS is a well-
developed method that has systematic procedures for data
analysis. Furthermore, EXAFS is exclusively sensitive to local
structure,37 whereas d-PDF is sensitive to both local and inter-
mediate structure.4�6 In most cases for interfacial studies, EXAFS
can provide information for the first two shells (atomic correlations)
in its RDF, with r less than 5 Å.
Previous d-PDF study16 of arsenate adsorbed on 2-line ferri-

hydrite showed that atomic correlations can be observed to
higher r (up to∼7 Å). This present study is less favorable for two
reasons: first, the particles are larger (20 nm of γ-alumina particle
vs 2 nm of 2-line ferrihydrite), so that less surfaces area is exposed
to the X-ray beam for a given exposed volume. Second, Al has
only one-half the scattering power of Fe (Z of 13 vs 26).
Accordingly, signal-to-noise is much lower, reducing the amount
of information that can be generated from the d-PDF in practice.
From this, it can be deduced that there are three criteria that
contribute to an optimal d-PDF experiment: (1) large specific
surface area, (2) high scattering power of the atoms involved, and
(3) a high surface loading of the adsorbed species (e.g., no signal
was observed from a sample exposed to a 0.1 mM arsenate
solution). As EXAFS suffers less from potential problems 1 and 3
and d-PDF has the potential to show correlations to higher r
value, a combination of these techniques will be a good strategy
to investigate environmental interfacial phenomena.
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