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Investigation of Surface Structures by Powder Diffraction: A Differential Pair
Distribution Function Study on Arsenate Sorption on Ferrihydrite
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Differential pair distribution function (d-PDF) analysis of high energy powder X-ray diffraction data was carried out on
2-line ferrihydrite nanoparticles with arsenate oxyanions adsorbed on the surface to investigate the binding
mechanism. In this analysis, a PDF of ferrihydrite is subtracted from a PDF of ferrihydrite with arsenate sorbed on
the surface, leaving only correlations from within the surface layer and between the surface and the particle. As—0 and
As—Fe correlations were observed at 1.68 and 3.29 A, respectively, in good agreement with previously published
EXAFS data, confirming a bidentate binuclear binding mechanism. Further peaks are observed in the d-PDF which are

325

not present in EXAFS, corresponding to correlations between As and O in the particle and As-2nd Fe.

Introduction

X-ray diffraction has been widely used for a century or so
to determine the relative position of atoms in solids. Routi-
nely, crystal structures are determined by examination of the
Bragg peaks diffracted from a single crystal with dimensions
of tens of micro meters or more. In the past few decades, the
improvement in powder diffraction instrumentation and
development of Rietveld refinement techniques has per-
mitted the refinement of crystal structures from polycrystal-
line samples, multigrain samples with grain sizes of the order
of a micro meter, to become commonplace. Both techniques
scrutinize the positions and intensities of Bragg peaks, arising
as a consequence of long-range order in the sample.

More recently, with the advent of high energy synchrotron
and spallation neutron sources, pair distribution function
(PDF) analysis of powder diffraction data has been applied
to crystalline materials.' * PDF analysis involves taking the
Fourier transform of the total structure function (both the
Bragg and diffuse scattering), yielding a real space distribu-
tion of distances between pairs of atoms in a structure
weighted by the scattering power of the atoms responsible
for the peak. The technique has proved powerful in solids
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where the local structure differs from the average structure.* ¢

High values of the elastic scattering vector, Q = 4srsin 6/4, are
required as the real space resolution is directly related to the
value of Qn.x used in the Fourier transform. Since PDF
analysis does not rely upon the presence of periodicity in a
sample, it has proved to be a useful tool in studies of
nanomaterials, that is, materials composed of particles less
than 100 nanometers.” '

The PDF method is highly complementary to extended
X-ray absorption fine structure (EXAFS); both methodologies
provide local structural information on bond lengths and
coordination numbers. There are, however, a few notable
differences between the two experimental approaches. While
the PDF technique is not prone to phase shift and Debye—
Waller anomalies, as is common in EXAFS analyses, it is also
not intrinsically element or chemical specific. Peaks present in
the PDF correspond to correlations between all pairs of
atoms within the sample, not limited to the first few coordi-
nation shells. Although this permits for the investigation of a
greater number of atomic correlations in the structure, it can
also lead to considerable overlap of peaks corresponding to
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multiple correlations of similar length, often complicating
subsequent analyses.

In this contribution, we present a study of the adsorbate
structure of surface species on nanoparticles using differential
pair distribution function (d-PDF) analysis of total X-ray
scattering data.'"'™"3 In a d-PDF experiment, a reference
pattern from the unloaded nanoparticles is subtracted from a
pattern arising from a “host 4 guest” sample, so as to isolate
only the correlations involving the sorbed species: the
guest—guest and guest—host interactions. This method offers
the potential to mitigate some of the difficulties posed by the
analysis of conventional PDF experiments, as outlined
above. An example of the use of this technique may be found
in the study of Chapman et al. that investigated the bonding
mechanism of gas molecules (hydrogen and nitrogen) within
the pores of the Prussian Blue analogue Mn'5[Co™(CN)¢],,
d-PDF analyses being applied to both X-ray and neutron
powder diffraction data.'®!> In the later work, the unloaded
Prussian Blue constituted the blank, while the sample com-
prised the same powder under a steady flow of hydrogen gas.
d-PDF analysis revealed that the H, molecule adsorbs at the
center of a pore, rather than binding to the Mn'" ion.
Sensitivities down to 1 wt % have been demonstrated.'®
The approach to d-PDF analysis outlined above and used in
the present work makes more direct contact with local
chemical concepts such as bonding and coordination and
differs substantially from techniques exploiting the contrast
afforded by anomalous scattering or neutron isotope effects,
which are also sometimes referred to as differential PDF.'®

The present study examines the adsorption of arsenic(V)
oxyanions on the surface of 2-line ferrihydrite (named for
the number of broad peaks in its X-ray diffraction pattern), a
naturally occurring iron oxyhydroxide nanoparticle.'””!
Ferrihydrite, ubiquitous in many natural systems, is extre-
mely effective in the sequestration of many transition metals
and metalloids.”*~?? Industrial chemists utilize ferrihydrite to
scavenge trace elements, such as arsenic, in the treatment of
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wastewaters™ and in processing activities such as direct coal
liquefaction and metallurgy.>*

The mechanism of arsenate adsorption on the surface of
these nanoparticles has significant relevance to the means by
which these trace elements might be removed from water and
in understanding their transport behavior.”>~%° Previous
studies show that arsenate(V) oxyanions sorb strongly to
the surface of ferrihydrite.?**3? Waychunas et al..*® using
EXAFS, showed that the arsenate ion adsorbs on ferrihydrite
as an inner-sphere complex, that is bound directly to the
surface rather than through a separating water layer, this
latter mechanism being termed outer sphere complexation;
although there is some evidence that outer sphere coordina-
tion exists along with inner sphere.’* Waychunas et al.*?
proposed that the AsO, tetrahedron binds to the surface in a
bidentate binuclear geometry in which the tetrahedron links
through two oxygen atoms to two distinct iron sites. After
some debate in the literature,*> this binding geometry was
confirmed by Sherman and Randall*’ using a combination of
density functional theory (DFT) calculations and EXAFS
spectroscopy experiments.

In this study, d-PDF analyses are applied to further
investigate the conclusions reached by Sherman and Ran-
dall*” and to examine whether any further insights are made
available by this technique.

Experimental Methods

Two-line ferrihydrite was synthesized at room temperature
by adding 1 M NaOH to a 0.1 M solution of FeCl; with
constant stirring until pH 7.5 was reached. The colloidal
suspension was then dialyzed to remove counterions. For d-
PDF measurements, the suspension was separated into five
aliquots. The aliquots were centrifuged down, decanted, and
individually mixed with solutions having sodium arsenate
concentrations of 100 mM, 10 mM, 1 mM, or 0.1 mM. Ferri-
hydrite exposed to deionized water served as a control sam-
ple. The suspensions were allowed to equilibrate for 1 h,
then centrifuged and rinsed once with deionized water.
Finally, the exposed and washed suspensions were allowed
to air-dry.

Transmission electron microscopy (TEM) bright field mi-
crographs were collected using a Tecnai 12 T TEM operating
at 120 kV housed at the Microanalysis and Imaging Research
and Training Center at West Chester University. Arsenate
exposed samples were analyzed to confirm that there were no
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Figure 1. High energy X-ray diffraction pattern 2-line ferrihydrite (red)
and 2-line ferrihydrite exposed to 100 mM arsenate solution (black).

Figure 2. TEM micrograph of an aggregate of (a) ~2 nm 2-line ferrihy-
drite particles and (b) ~2 nm 2-line ferrihydrite particles exposed to
100 mM arsenate solution. Particles in the micrograph appear homo-
geneous and approximately 2 nm in size.

morphological changes or large scale precipitates formed
because of exposure.

Powder diffraction experiments were carried out at station
11-ID-B at the Advanced Photon Source (APS), Argonne
National Laboratory, using monochromatic X-rays of en-
ergy ~58 keV (A = 0.2128 A). Samples were loaded dry into
a polyimide (Kapton) capillary. The scattered beam was
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Figure 3. PDFs of (a) ferrihydrite (black), ferrihydrite exposed to
100 mM arsenate solution (red) and 5x the difference between them
(blue), (b) The d-PDF of arsenate adsorbed on 2-line ferrihydrite
r-averaged over normalization ripples.

collected on a Perkin-Elmer amorphous silicon detector,
greatly reducing the required collection time, making the
detection and interpretation of weak signals possible.*® 4°
The data conversion from 2D to 1D was carried out using the
program fit2D.*'**> PDFs were generated by Fourier trans-
formation of the total structure function, S(Q), with a Qpax of
24 A~!, using the program PDFgetX2,* corrected for back-
ground scattering, Compton scattering and oblique incidence
as described previously.>® The d-PDFs were obtained by
subtraction of the control PDF (2-line ferrihydrite with no
surface loading) from the PDF of the loaded sample using
Microsoft Excel. The control was multiplied by an appro-
priate constant to ensure the scale of each PDF was the
same. Cluster analysis was carried out using the pro-
gram DISCUS;* d-PDFs were calculated using distances
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from Sherman and Randall*’ in a single unit cell of arbi-
trary dimensions, so that only correlations arising from
within the cluster were calculated. Interatomic distances of
interest were quantified by fitting the peak with a Gaussian
function.

Inorganic Chemistry, Vol. 49, No. 1, 2010

Results and Discussion

Figure 1 compares the XRD patterns of ferrihydrite and
ferrihydrite exposed to a 100 mM arsenate solution; Figure 2
shows the corresponding transmission electron micrographs.
Such high concentrations were used to ensure a high arsenate
surface coverage, making the conditions as favorable as
possible for the d-PDF experiment. One worry with using
such a highly concentrated arsenate solution is the possibility
of forming a precipitate. The XRD pattern exhibits no addi-
tional peaks, and the micrograph shows no additional phases
for the 100 mM arsenate exposed sample. Taken together, the
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results preclude the presence of a significant amount of a
secondary phase.

Figure 3 shows the d-PDF for the sample exposed to a
100 mM arsenate solution. The first two peaks in Figure 3b at
1.68 A and 3.29 A match well with the peaks observed using
EXAFS**¥ and are assigned as As—O and As—Fe correla-
tions, respectively. Figure 4 shows the d-PDFs calculated
from the clusters attained by Sherman and Randall’’ com-
pared with the experimental d-PDFs, considering only the
first two peaks. In each case, the experimental As—O correla-
tion overlaps with the calculated peak; this distance is so
similar in each cluster that it cannot be used as diagnostic of
binding mechanism. EXAFS studies distinguish between the
binding mechanisms using the As—Fe correlation distance.
This is the case with d-PDF: Figure 4a compares the experi-
mental d-PDF with that calculated from the bidentate bi-
nuclear model, the two As—Fe peaks overlap very well.

As-O

de(r}/ A2

daGir)/ A2

rfA

As-0
As-Fe

A

A

/A

Figure 4. (a) Calculated d-PDF for a bidentate binuclear cluster, (b) calculated d-PDF for a bidentate mononuclear cluster, (c) calculated d-PDF for a
monodentate cluster. In each the black line is the calculated d-PDF, the blue line the experimental data. Clusters are adapted from Sherman and Randall.*’
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Figure 5. Redrawn bidentate binuclear cluster from Sherman and Ran-
dall,’” with further bond distances added. All distances are in A.
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Figure 6. Comparison between the d-PDF calculated from the cluster in
Sherman and Randall®’ (black) and the experimental d-PDF (blue) to
higher r.

Figure 4b shows the calculated d-PDF for the bidentate
mononuclear cluster; the As—Fe distance is much shorter
that observed. Likewise, the monodentate As—Fe distance,
Figure 4c, is longer than observed. This leads to the conclu-
sion that the predominant binding mechanism in these
samples is bidentate binuclear, conﬁrming previous results
derived from EXAFS spectroscopy.*>’

The sharpness of the peak at 3.29 A indicates that a
monodentate model is unlikely. The As—O—Fe bonds in
the monodentate system would have a large degree of free-
dom, leading to a large thermal factor and a broadening of
this peak. It should be noted, however, that these experiments
were carried out on dry samples. We surmise that significant
hydration of the surface could lead to an equilibrium between
bidentate binuclear and monodentate, or even more preva;
lent monodentate speciation as suggested in a recent study.*’

Further correlations in the d-PDF are observed at higher r,
Figure 3. These are represented in Figure 5, a reproduction of
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Figure 7. Comparison of d-PDFs obtained for samples exposed to
different arsenate concentrations: 100 mM (blue), 10 mM (red), and
I mM (black). Each is r-averaged over normalization ripples.

the bidentate binuclear cluster calculated by Sherman and
Randall. The next correlation after As—Fe would be As—02
(2 equivalent oxygens); this is not readily observed as it
overlaps with the larger As—Fe peak. The next peak observed
is at 4.44 A, corresponding to the As—O(3) correlation (4
equivalent oxygens). The distances calculated by Sherman
and Randall range from 4.181 A to 4.581 A; the experimental
peak is not as sharp as the first two peaks, suggesting there
may be a range of distances, but perhaps not as wide of a
range obtained in the DFT calculations performed by Sher-
man and Randall. The next correlation at 5.26 A corresponds
to As—O4 (2 equivalent oxygens). Figure 6 compares the
experimentally derived d-PDF with one calculated from the
bidentate binuclear cluster of Sherman and Randall. Only
peaks arising from As containing correlations are considered;
the two agree very well. The splitting of the peaks As—O2 and
As—0O4 are due to the range of bond lengths in the cluster, as
discussed above. The sharper experimental peaks suggest this
is not the case in reality.

The assignment of the final peak at 6.11 A is not as
straightforward; the cluster calculated by Sherman and
Randall does not extend to these distances. The two best
candidates are an As to second Fe distance or the correlation
between two arsenic atoms in adjacent clusters on the surface.
Figure 7 shows d-PDFs of samples produced with arsenate
solutions of different concentration used in the sorption
process. The signal-to-noise decreases as loading is decreased.
No signal was observed from samples exposed to a 0.1 mM
arsenate solution (not shown). The peak at 6.11 Ais present
in each PDF and does not decrease in intensity with respect to
the other peaks as the arsenate concentration is decreased. If
this peak were due to correlations between As—As clusters on
the surface of the particle, this peak would diminish with
decreasing concentration of arsenate solution as the surface
concentration decreases; since this is not the case, it is
believed that the best candidate for this peak is an As-2nd
Fe. Density functional theory (DFT) calculations were car-
ried out on extended clusters, but this proved unsuccessful as
the torsional angle is free to rotate in this cluster; a small
change in this angle has a large effect on the distances between
atoms at larger distances. The lack of a surface model for
ferrihydrite makes the assignment of higher distance correla-
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tions problematic. Improved theoretical representation of the
ferrihydrite surface must be sought if quantitatively accurate
longer range correlations are to be obtained from such
simulations.

The experimental observation that d-PDF derived inten-
sity is obtained from these samples is evidence for inner
sphere coordination, that is, arsenate bound directly to the
surface, rather than through a layer of intervening water.
Signals associated with arsenate bound to water would be
very weak, and it is unlikely that such a signal would be
resolved over the background. This, of course, does not
preclude the presence of outer sphere coordination along
with inner sphere, as previously suggested.*

Conclusions

Differential pair distribution function (d-PDF) analyses
were carried out on ferrihydrite nanoparticles loaded with
arsenate oxyanions. At high arsenate surface loading, corre-
lations were observed due to As—O and As—Fe at 1.68 and
3.29 A, respectively, agreeing very well with the previous
EXAFS studies, confirming a bidentate binuclear binding
mechanism. Further correlations, not observed by EXAFS,
were present corresponding to further As—O distances. One
further correlation is observed at 6.11 A, ascribed to an As-
2nd Fe distance.

Synthetic and experimental protocols introduced in this
study represent a potentially powerful technique for the
investigation of surface binding mechanisms on nanoparti-
cles. Although there are limitations (a reasonably high level
of surface speciation is required), d-PDF provides comple-
mentary information to EXAFS for systems with high sur-
face areas. Improvements to existing data collection, such as
the next generation of high energy, high flux synchrotrons
and energy discriminating detectors could make this techni-
que routine even when analyzing relatively low concentra-
tions of adsorbed species.
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Figure A1. Comparison of differential PDFs of 100 mM samples
calculated using different values of Q. in the Fourier transform.

Figure Al shows a comparison of 100 mM As d-PDFs
Fourier transformed using different values of Q.. The
peaks corresponding to atomic correlations remain at the
same value of r, while the noise peaks change position with
change in Q. used.
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