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Quick X-ray absorption spectroscopy for The application of X-Ray Absorption Spectroscopy (XAS), since
P A i i - the establishment of the theoretical foundation for the interpreta-

determmmg metal spematlon In environ tion of its spectra (Sayerst al, 1971; Teo, 1986) has florished
mental Samples in environmental sciencess.g, Manceatet al., 1996; Hesterberg

et al, 1997; Kemneet al, 1997; O’'Dayet al, 1998; Kimet al.,
Jean-Franc, ois Gaillard, ** Samuel M. Webb = 1999; Qstergreat al, 199_9; Manceaet a_I., 2000). The first paper _
and John P.G. Quintana ° tp mention the'use o_f this spectroscopic tool to pr(_)be the specia-

tion of metals in environmental samples was published about 20
Northwestern University, Department of Civil Engineering, years ago (Jakleviet al, 1980). The approach was to use linear
2145 Sheridan Road, Evanston, Illinois, 6028-3109 USA, combinations of XAS spectra to quantify the different fractions of
and ” Northwestern University, DND-CAT, APS/ANL Building  metal compounds present in air particles. Since then, quite a few
432/A008, 9700 South Cass Avenue, Argonne, IL 60439 investigations have relied on this technique to determine the speci-
USA. E-mail: jf-gaillard@northwestern.edu ation of metals in a wide variety of environmental samples, using

either the XANES or the EXAFS regiore.q, Bajt et al,, 1993;

Manceauet al,, 1996; Petersont al.,, 1997; Kimet al.,, 1999; Os-

tergenet al,, 1999; Welteret al., 1999; Manceawt al., 2000, and
We present a method for determining the chemical speciation others). This method is attractive since it is element specific, it can
metals in environmental particles based on Quick-X-ray Absorptiobe applied to cristalline or amorphous samples, and it is thought
Spectroscopy. The approach can be applied to either the extendede non-destructive. However, the use of ionizing radiation can
or the near edge fine structure, and consists in the decompositilead to beam damage that will affect the chemical integrity of the
of the XAS spectrum of an unknown sample on a reference set shmple. Therefore, to minimize the exposure of the sample to the
standards’ spectra using quadratic linear programming. The analg¥-ray beam, and verify the spectra do not change during the ex-
sis accounts for the statistical experimental errors generated duripgriments, we have used Quick X-Ray Absorption Spectroscopy
the acquisition of X-ray absorption data, and leads to error estimatéSrahm, 1989). This experimental set-up presents additional advan-
on the various fractions determined via a Monte Carlo proceduréages: (1) the associated statistical errors can be extracted directly
An application example is presented for the speciation of inorganfecom the signal, (2) the precision of the measurements is increased

Zn in a contaminated sediment sample. significantly because the fluctuations of the beam are reduced com-
Keywords: Environmental ; Metal Speciation ; Q-XAS; pared to longer time scale scans, and (3) the averaging of multiple
Spectral Decomposition. spectra improves statistics (Murpbyal., 1995).

1. Introduction 2. Methods and Data Analysis

The determination of the chemical speciation of metals in envi-X-ray absorption measurements were performed at the Advanced
ronmental samples is key for assessing the toxicity, biovailabilityPhoton Source, Argonne National Laboratory (IL) on the bending
and fate of these elements in aquatic systems. It has been showragnet beamline of the Dupont-Northwestern-Dow Collaborative
that total metal concentration is a poor predictor of toxicity, butAccess Team (DND-CAT). The storage ring was operating at 7.0
that, instead, the free ion concentration, the labile fraction, or som&eV, using electrons, with a beam current ranging between 100-
specific species are responsible for deleterious ecological effect60 mA. The beamline was equiped with a Si(111) double crys-
Although present environmental regulations still rely primarily tal monochromator that was used to vary the X-ray energy from
on total metal concentrations, there is a critical need to addres200 eV below to 750 eV above the absorption K edge of Zn (9659
speciation issues in more details (Renner, 1997). Traditionnaly, theV). The monochromator was detuned to approximately 75% of the
chemical speciation of metals in aquatic systems is either appraisedaximum intensity to avoid the interference produced by higher
using chemical models based on equilibrium reactions (Alleston harmonics. The incident intensity, land transmitted intensityr |
al., 1989) or determined using wet chemical methods relying on thevere measured using ionization chambers designed at DND-CAT
sequential extraction of various phases (Tessiaf., 1979; Tessier that are characterized by a high linearity, and that also behave well
& Campbell, 1988). However, these two approaches present seninder high x-ray photon fluxes delivered at the APS. The fluores-
ous limitations. On the one hand, thermodynamical equilibrium iscence signal g, was measured with a Stern-Heald “Lytle” detector
rarely achieved in natural systems and consequently the predictiveguipped with a Z-1 filter. Kr or Ar were used as fill gases depend-
power of these speciations codes remains poor. On the other haridg on the concentration of Zn present in the samples. All the detec-
sequential extraction protocols are proned to artefacts (Tipgting tors were connected to Stanford Research System SRS 570 current
al., 1985) and require carefull evaluation and calibration before beamplifiers, and the signals were continuously recorded at 12.5 kHz
ing used on a specific sample (Tessier & Campbell, 1988). Henceising a sixteen-bit analog to digital converter (Bornebuescal.,
these methods are often considered as operational procedures, &899; Quintana, 2000). Data were collected while the monochro-
have been openly criticized without any proposal for viable alterimator was continuously slewed between the beginning and ending
natives (Nirel & Morel, 1990). The task of defining the speciation energies. Nine successive scans, of 75 seconds each, were recorded
of metals in environmental samples remains an open-ended ardr every sample. The data were binned and averaged over 1 eV for
important problem. the pre-edge and the near edge regions, and over k =80.65n
the EXAFS. Assuming that the error of each individual channel is

Within the last decade, the construction of various synchrotrorthe same and Gaussian, the experimental uncertainty for each chan-
radiation rings has provided the community with intense X-raynel in a bin is given byx = [EiN:l(xi —X)2/(N — 1)]%2 where x
photon sources that can be used to probe the local coordinatida the measurement of a single channel in the ®iis, the average
environment of most of the metals of environmental importanceof the binned channels, amdlis the number of points in the bin.
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The uncertainty in the average value of the binris= ox/vN

(Mandel, 1984). This reflects the actual experimental error that 0.10

arises from counting statistics and electronic noise in the system.

To improve the signal to noise ratio, multiple scans of the same

sample were averaged, and the errors were carried through using

the standard propagation of errors theorem. The fluorescence and

transmitance signalgr and ut respectively, can then be com-

puted together with their attached experimental errors. Since the

normalization and extraction of the EXAFS signal involve non-

linear steps, the errors for these properties were calculated using

a pseudo-Monte Carlo method. For the normalization process, ran-

domly generated Gaussian errors based on experimentally deter- 00800 9700 9800 9900 10000 10100

mined uncertaintiesfox) were added to the original data. The Energy - eV -

error-induced signal was fitted to a line in the pre-edge region and

to a quadratic polynomial expression in the EXAFS region. This

process was repeated 1000 times, and the coefficients for each fit

were stored. The average value of the coefficients was then used to

remove the background signal. The error of the signal was deter-

mined by the standard deviation of each of the fitting coefficientsFigure 1

A similar process was used in the isolation of the EXAHK). Average Q-XAS spectrum from a typical environmental sample re-

Again, a randomly generated Gaussian error usiagwas added  sulting from 9 consecutive scans of 75 seconds each. The insert pro-

to the original signal. AUTOBK (Newvillest al,, 1993) was then vides an enlargement of the variatioryaf with energy showing the

used independently to remove the background signal and isolagrror bars corresponding to the final signal.

x (k) and store the array of data values. This was repeated 1000

times, and the fina} (k) was determined by the average of the 1000 To test the accuracy of the fitting procedure and calibrate the

replicates. Errors for these values were estimated by calculating trepeciation method, we prepared a series of mixtures of known stan-

standard deviation of the replicates. dards and performed the spectral decomposition as detailled above.
The composition of mixtures was determined by spectral deMechanical mixtures of fine powdered standard material were pre-

composition based on a quadratic linear programing (QLP) fipared in various proportions, and were then spread directly, as a

of the EXAFS signals of samples to standards (Vandenberghe &ery thin films, on Kapton tape to minimize self-absorption ef-

Boyd, 1996). It consists in minimizing an objective function with fects. It was found, using pure standard materials, that this prepara-

an augmented langrangian, to solve the dual problem: tory technique provided good spectroscopic information for fluo-

rescence studies. The low concentration of metals usually found in

6=21510"°

Fluorescence

N

— 3 2 environmental systems impinged on us to use fluorescence, since

Z (K xsampidk) — 1 - (KXstanaarg (K)) )~ = O one cannot acquire representative data in absorption.

=1 The results of a calibration study, for mixtures of zinc carbonate
subject to: hydroxide with other standard compounds, are presented in Fig-

ure 2. Overall, the trend observed between the fractions estimated

. ) S by QLP and the calibration standards is acceptable, although depar-
Vi, ¢ > 0; and Z =1 tures from a pure 1:1 relationship can be significant. We attribute
i=1 these departures primarily to our ability of preparing accurate cali-

bration standards.e., it is quite difficult to mix and spread evenly
fine dispersed solids. Consequently, one can note in Figure 2 that a

Monte Carlo process, whereby about 1000 QLP fits are performeffw_calibration points carry large error bars that r_eflect these_ diffi-
using randomly sampled spectra within the error bars calculate§ulties. Nonetheless, multiple calibrations experiments confirmed
previously. that this analytical scheme was quite robust.

Standards were chosen after a careful geochemical analysis The analysis of an environmental samplt_e collected from the s_ed-
of the sediments investigated (Webbal, 2000; Webb & Gail- |ments_ of Lake DePue (IL), a lake cor_1tam|nated by_ the_operatlon
lard, 2000). Standards included sphalerite: ZnS; zincite: znO®f @ zinc smelter (Weblet al, 2000) is presented in Figure 3.
amorphous zinc hydroxide: Zn(OH)smithsonite: ZnC@ zinc This sample was retrieved using an hand-held piston core, and a
phosphate (Zs{PQy)); and zinc carbonate hydroxide (ZnGO thin sediment section (about 1 mm thick) was preserved under two
2Zn(OH)) (Aldrich - Hesterbergt al, 1997). All EXAFS signals ~ StriPes of Kapton tape at cryogenic temperature - Liquid The

were R-weighted to better emphasize the structure at large k valtotal Zinc concentration in the sample analyzed was about 2%, on
ues. a dry weight basis.

The spectral decomposition by QLP establishes that the only
3 Results sigqificapt compounds present in the sa}mple are: sphalerite, smith-

) sonite, zinc carbonate hydroxide, and zinc phosphate. All the other
A typical averaged spectrum, representing a series of nine sca’gandard compounds are characterized either by negligible pro-
lasting 75 seconds, is shown in Figure 1. The insert details th@ortions, or by proportions that are associated with error bars
structure of the experimental errors associated with the experimenhat make them indisguishable from zero. Hence, for the final fit
In the EXAFS region, the experimental erroisj are less than  reported here, only the significant zinc coordination environments
approximatively 103, and decrease with increasing energy.

whereg; is the fraction of the standaidn the analyzed spectrum.
To obtain the uncertainties on th# values we use as before a
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incompleteness of the data base of reference spectra.
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