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Structure of amorphous to poorly crystalline Fe(III) nanoparticles
Introduction
Amorphous to poorly-crystalline Fe(III)-precipitates formed by Fe(II) oxidation or rapid Fe(III) hydrolysis in
near-neutral water control the fate of co-transformed major and trace elements in a wide range of natural
environments and technical systems. The main goal of our continuing research on such precipitates1-3 is to
gain detailed understanding of their structure and reactivity as a function of solution chemistry as a basis for
improved quantitative models to describe their formation and impact on co-transformed elements, for
example in the context of drinking water treatment for the removal of toxic arsenic.4, 5

Use of beamtime allocated for experiment 01-01-930
In experiment 01-01-930, we proposed to use Fe K-edge EXAFS spectroscopy to investigate the effects of Si
and humic acid on the structure of Fe(III)-precipitates over a range of phosphate/Fe ratios. The experiments
with silicate allowed us to complete an extensive dataset of macroscopic and spectroscopic data on the
interdependent effects of phosphate, silicate and Ca on Fe(III)-precipitate structure and composition. These
results have been presented at several international conferences (e.g., 6, 7). They will be published in two
articles (one in preparation; one planned) and serve as a basis for ongoing experiments on the reactivity of
different types of precipitates (e.g., oxyanion uptake, dissolution kinetics, heterogeneous oxidation kinetics).
Because samples synthesized in the presence of humic acid could be measured during previous beamtime at
another synchrotron facility, we instead analyzed a set of nearly 100 samples from an experiment addressing
the effect of increasing Al fractions on Fe coordination in fresh and aged precipitates formed from Fe(II) and
Al containing solutions. The results for fresh precipitates have recently been presented at an international
conference8 and are briefly described in the following section. Overall, the experimental setup at the SNBL
proved highly effective for these experiments, which rely on the characterization of large number of samples
formed over multifactorial parameter spaces by Fe K-edge EXAFS spectroscopy.

Structure and arsenate uptake of Fe(III)-Al-precipitates
Introduction. Mixing of acidic Fe(II)- and Al-containing acidic mine drainage with near-neutral surface
water results in rapid Fe(II) oxidation and formation of Fe(III)-Al-precipitates that may incorporate trace
elements including toxic As.9 The structure of these precipitates and the extent of As(V) uptake are expected
to depend on the dissolved Fe/Al ratio and the concentrations of ions such as phosphate. Our objective was to
examine how the molar Fe(II)/Al ratio in acidic drainage water and dissolved phosphate in near-neutral
surface water affect the structure and arsenate uptake of Fe(III)-Al-precipitates formed upon mixing.
Macroscopic data on phosphate and As(V) uptake were combined with results on precipitate structure from
Fe K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy.
Experimental. Four mM CaCO3 were dissolved in CO2-purged water, 500 µg/L As(V) (Na2HAsO4×7H2O)
added, the pH raised to 7.0 by purging with air, and the solutions spiked with 0-1 mM phosphate
(NaH2PO4×H2O). Precipitate formation was initiated by adding 0.5 mM (Al+Fe(II)) using a 50 mM
(Al+Fe(II)) (in 1 mM HCl) stock solution prepared from FeSO4×7H2O and Al2(SO4)3×H2O. Samples were
synthesized at 6 molar Al/(Al+Fe) ratios (0.00, 0.05, 0.10, 0.20, 0.50, 1.00) and ten P/(Al+Fe) ratios from
0.00 to 1.5. After 4 h, the solution and precipitates were collected and the precipitates dried for analysis.
Fe K-edge EXAFS spectra were recorded in transmission mode on dried precipitates prepared as pellets
(with cellulose). All Al-containing samples were analyzed during experiment 01-01-930 (50 fresh samples).
For each sample, two EXAFS scans over a k-range up to 13 Å-1 were recorded in continuous-scan mode (~25
min per sample). Spectra of precipitates without Al and of most references were measured previously at
ANKA (Karlsruhe, Germany). The averaged spectra were treated and evaluated by linear combination fitting
(LCF) using the software code Athena.10
Results. Fe K-edge EXAFS spectra of references and selected samples are shown in Fig. 1. The LCF
analysis of the Fe K-edge EXAFS spectra of 50 sample spectra (Fig. 2) revealed that increasing Al (i)
reduced lepidocrocite and increased ferrihydrite-like Fe in phosphate-free precipitates and (ii) moved the
transition to exclusive Fe(III)-phosphate-like Fe coordination to lower initial dissolved P/(Al+Fe) ratios. At

low P/(Al+Fe) ratios, Al induced schwertmannite-like Fe coordination and at high P/(Al+Fe) ratios, Ca
induced mitridatite-like Fe coordination. To date, additional insight into the effect of Al in the absence of
phosphate was gained from X-ray diffraction (XRD) and transmission electron microscopy (TEM) images,
and further complementary precipitate characterization is planned. The structural variations as a function of
Al/(Al+Fe) ratio resulted in up to two orders of magnitude differences in residual dissolved arsenate (not
shown). The direction of this effect depended on the initial dissolved P/(Al+Fe) ratio: Increasing Al fractions
(i) increased As(V) uptake by Fe(III)-Al-precipitates at low P/(Al+Fe) ratios by decreasing the crystallinity
of the Fe-rich precipitate but (ii) reduced As(V) uptake at elevated P/(Al+Fe) ratios by reducing the oxyanion
sorption capacity of the Fe(III)-Al-precipitates and by increasing their preference for phosphate over
arsenate.
Conclusions. The results from this experiment on the effect of Al on precipitate formation over ranges in
Al/(Al+Fe) and P/(Al+Fe) ratios document the highly interdependent effects of different solutes – here Al
and phosphate – that can interfere with Fe(III)-polymerization in different ways. A detailed understanding of
these interdependent effects is essential to reliably quantify the uptake of co-transformed trace elements such
as As, and requires the characterization of large sets of samples over multifactorial parameter spaces.
Ultimately, this approach enables to develop quantitative models for the structure of Fe(III)-precipitates and
their ion uptake behavior as a function of variations in solution chemistry relevant for natural aquatic and
terrestrial as well as technical systems.
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Fig. 1: Fe K-edge EXAFS spectra. (a) References used for LCF analysis (Lp= lepidocrocite, 2LFh=
ferrihydrite, HFO= hydrous ferric oxide, FeP= amorph. Fe(III)-phosphate., Mit= mitridatite; Sc=
schwertmannite). (b/c) Experimental (black) and LCF spectra (red) of precipitates formed at Al/(Al+Fe)
ratios of 0.05 and 0.50 and P/(Fe+Al) ratios from 0.00 to 1.50.

Fig. 2: LCF fractions (i.e., fraction of reference spectra needed to reproduce sample spectra) for precipitates
formed at Al/(Al+Fe) ratios of (a) 0.00, (b) 0.05, (c) 0.20 and (d) 0.50. Results for an Al/(Al+Fe) ratio of
0.10 (not shown) fell in between those for ratios 0.05 and 0.20. (P/(Al+Fe))init denotes the initial molar
P/(Al+Fe) ratio in solution.

