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ABSTRACT

The increased brightness, tunability, low divergence and low emittance of X-ray beams available at synchrotron X-ray sources
facilitate a variety of powder-diffraction experiments not practical using conventional in-house sources. Furthermore, the in-
creased availability of fast position-sensitive detectors, along with implementation of improved software, make possible new
classes of experiments. These include time-resolved powder-diffraction of phase transitions, precipitation, recrystatlization a
ion-exchange reactions. Examples of time-resolved studies that highlight some of these developments include: (1) observations
of the phases forming during reaction under controlled hydrothermal condéign&¢€S); (2) full Rietveld structure refinement
using time-resolved data to determine the mechanism of ion exchange in zeolites. The advent of area detectors, commonly
coupled with focusing optics at synchrotrons, will further increase the time resolution at the synchrotron, possibly laading to
data glut. Solutions are available now, and developments in the near term will allow semi-automatic decisions on which datasets
to analyze amongst the thousands collected.

Keywords synchrotron radiation, crystallography, time-resolved studies, diffraction, scattering, high pressure, element partition-
ing, phase diagrams, ion-exchange reactions, energy-dispersive diffraction.

SOMMAIRE

La luminance accrue, la possibilité de syntoniser, la faible divergence et le faible pouvoir émissif des faisceaux de rayons X
disponibles aux sources synchrotron permettent une série d’expériences en diffraction X sur poudres qui ne sont pas du tout
pratiques avec les sources conventionnelles. De plus, la disponibilité accrue de détecteurs efficaces sensibles at ldeposition e
logiciels améliorés rend possible de nouvelles sortes d’expériences. Par exemple, il est maintenant possible d’'étudier par diff
tion X sur poudres le progrés dans le temps d’'une transition de phases, une précipitation, une recristallisation, etrune réacti
d’échange ionique. Nous décrivons les exemples suivants pour souligner certains de ces développements: (1) observations des
phases apparaissant au cours d’une réaction hydrothermale sous conditions controlées, impliquant par exemple FeS;{(2) affinemen
complet d'une structure par la méthode de Rietveld en utilisant des données échelonnées dans le temps pour étudier le mécanisme
d’échange ionique dans les zéolites. L'installation de détecteurs a aire, couplée en général avec une focalisation dptique dans
circuit d’'un synchrotron, augmenteront surement la résolution temporelle dans de telles expériences, menant nécessairement a un
surplus de données. Nous avons déja des solutions a ce probleme, et des développements dans un futur rapproché permettront des
décisions semi-automatiques a propos de quels prélevements de données sont a retenir pour analyse, parmi les milliers qui sont
enregistrés.

(Traduit par la Rédaction)

Mots-clés rayonnement synchrotron, cristallographie, résolution temporelle, diffraction, dispersion, pression élevée, répartition
des éléments, diagrammes de phase, échange d’ions, diffraction en dispersion d’énergie.
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INTRODUCTION the collection of monochromatic data, with the highest
possible time-resolution and signal-to-noise discrimina-
In the past two decades, synchrotron X-rays havien, to allow full refinement of the structure using the
increased the sensitivity, accuracy and precision wiRRietveld technique (Larson & Von Dreele 1986,
which crystal structures can be determined (CoppeRsetveld 1969, Young 1995). Much of the hardware
1992, Cox 1992). Compared to conventional sealed-tubdescribed can be used for home-laboratory experiments
sources, synchrotron radiation is betweehadrl 162 on powders and single crystals as well as for work at
times brighter, and rather than having a sharply peakeghchrotrons.
spectrum, it generally has a broad spectral range caused
by emission of photons as charged particles accelerate EXPERIMENTAL EQUIPMENT
in a magnetic field. More recently, the use of undulators FOR THE TIME-RESOLVED EXPERIMENT
at synchrotron sources (Mochizugd al. 1998, Shuet
al. 1995) has made possible greater manipulation of the The experimental configuration, including the choice
spectrum produced. For monochromatic diffraction, thef radiation source, beamline optics, sample cell and
incident energy can be chosen using single-crystsdftware, is dependent on the system studied and the
monochromators. The radiation also has intrinsicallyoal of the study. For example, if the goal is to deter-
small vertical divergence and can be focused both honiine the position of H or Li during discharge of a man-
zontally and vertically to image the source. This draganese-oxide-based battery material, then use of a
matic increase in brightness has made possible the stugytron source is needed. Some of the choices outlined
of the dynamics of chemical reactions (Bourgenial. below are not exhaustive, but give some idea of the
1996, Wulffet al.1997, Yanget al.1998) and yet main- options available.
tains the possibility for routine study of diffraction from
microcrystals and powders as a function of time; seX-ray sources
eral excellent introductory texts on synchrotron X-ra-
diation and crystallography are available (Baruchel The source characteristics best suited to time-re-
1993, Coppens 1992, Finger 1989, Kwal. 1997).  solved diffraction depend on the resolution required. If
Some of the new experiments that will benefit fronthe reaction is slow and if moderate resolution can be
dynamic crystallographic studies include: (1) collectiotolerated, the home laboratory provides a convenient set-
of data suitable for full determination of the structure afp unlikely to be improved at remote synchrotron fa-
submicrometric single crystals (Nedetral. 1996a, b, cilities. Although the highest time-resolution, for a given
c); (2) observation and interpretation of diffuse scattesignal-to-noise discrimination, will be obtainable at a
ing from crystals of this size range (Neéérnl.1996b); synchrotron source, valuable preliminary experiments
(3) characterization of the structure of surfaces and swan be done in the home laboratory (Atou & Badding
face—sorbate complexes; (4) collection of high-resold:995). This development will continue as area detec-
tion powder-diffraction data suitable for structurdors and focusing optics are incorporated with more
determination; (5) phase identification from very smafpowerful commercial X-ray sources. Some of the hard-
guantities of powder, such as might be obtained fromare developed in our laboratories have been designed
products of weathering; (6) resonant X-ray-scatteringith this in mind (Norbyet al. 1998).
studies of single crystals and powders to enhance con-Because of its higher brightness (intensity/source
trast between structural features such as atom site-ocsize), the synchrotron source is increasingly applied to
pancy factors, and (7) simultaneous diffraction ansimaller samples. Recent work on microdiffractometry
spectroscopic information from small quantities of powRindby et al. 1997) suggests that micrometer-sized X-
der. Time-resolved crystallography will provide infor-ray beams of unprecedented brilliance at third-genera-
mation for the interpretation of the mechanism ation sources can be used for single-crystal diffraction in
reaction and new insights on mineral reactivity. Pointsither static (Nedeet al. 1996a, b, ¢) or dynamic ex-
(1) — (7) above are the subject of recent reviews writtgreriments (Bourgeoist al. 1996, Moffat & Ren 1997,
with an emphasis of these developments on the Eawfulff et al. 1997, Yanget al. 1998). Although single-
Sciences (Parise 1998) and solid-state and materiatgstal investigations are ideal, the most widely used
chemistry (Parise & Chen 1997, Pariteal. 1998). diffraction procedures are those applied to crystalline
In this review, we concentrate on the hardware ambwders (Finger 1989, Klug & Alexander 1974). At
software required to perform time-resolved diffractiosynchrotron sources, increased brightness is used to
experiments. The time, angular and spatial resoluti@ptimize angular (Cox 1992, Cext al. 1988) or spatial
required dictates the experimental set-up. For examptesolution. In the latter case, diffraction from a smaller
simply identifying the phases present is sufficient teample places increased demands on the quality of the
follow reaction kinetics, identifies short-lived reactionpowder averaging. In principle, increased brightness can
intermediates, and elucidates the reaction pathway. @iso be used to increase the rate of data collection by
the other hand, determination of the reaction mechanis®averal orders of magnitude; this is the basis for the
at an atomistic level requires more careful attention tame-resolved studies now being pursued at several
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facilities (Cabhillet al. 1998a, 2000, O’Haret al.1998a, tors, can give moderate resolution, with angular accep-

b, Pariseet al. 1997, Svenssoet al. 1997). tances of 0.03—-0.07(Torayaet al. 1995) and high
through-put. Receiving slits are particularly useful when

Synchrotron-beamline configurations samples are studied under non-ambient pressure and

and detectors for powder diffractometry temperature, and it is desirable to exclude diffraction

from sample-environment containers such as high-pres-

Some of the experimental configurations for moncsure cells, furnaces and cryostats.
chromatic and energy-dispersion powder-diffraction at Over the past decade, area detectors with a large
synchrotron sources are shown in Figure 1. The mabtnamic range and capable of rapidly imaging large
important difference between powder-diffraction in theections of reciprocal space have become the recorders
home-laboratory setting and at a synchrotron is the disfchoice for single-crystal diffraction. They are increas-
tance to the source and the 2-3 orders-of-magnituintegyly being used for powder diffractometry (Ham-
lower divergence of the beam. Whereas early desigmersleyet al.1996) and provide a number of advantages
(Cox et al.1988) operated successfully with unfocusefifhomset al. 1998) over conventional detectors. As
beams, increases in sample-to-source distances, altimgy record a large portion of the Debye—Scherrer ring,
with increased emphasis on microdiffraction and the usiee effects of preferred orientation can be clearly ob-
of environmental chambers, have led to the use of feerved. By changing the angle of inclination of the
cused beams. Crystal optics or mirrors (Ehgl.1995) sample to the incident beam, intensity variations around
at third-generation sources, such as the Advanced Phlize ring can be modeled to define its effects on sample
ton Source (APS) in the USA, the European Synchreexture (Hammerslegt al. 1996, Larson & Von Dreele
tron Radiation Facility (ESRF) in Grenoble, France anti986). Another advantage of recording a large portion
the Super Photon Ring (SPRing8) in Japan, are nafthe ring is the better averaging attainable upon inte-
routine equipment. gration; the low divergence of the synchrotron X-ray

The highest angular resolution,< 0.0T, in terms beam places greater restrictions on the minimum par-
of full width at half maximum (FWHM), is afforded by ticle-size acceptable for recording powder-diffraction
the crystal-analyzer configuration (Cox 1992, @bzl. data.
1988). This configuration effectively eliminates system- There are several disadvantages when area detectors
atic errors due to sample shift and transparency @foxare used without collimation, some of them due to the
al. 1988, Klug & Alexander 1974) prevalent in thenon-discriminating nature of both imaging plates (IP)
Bragg—Brentano parafocusing geometry (Klug &nd charge-coupled devices (CCD). The synchrotron
Alexander 1974). The decrease in integrated intensitgam inevitably excites fluorescence within the hutch,
dictates that this mode of operation is reserved for tlaed care must be taken to shield these devices from stray
most strongly crystalline of samples and & initio  radiation. These devices commonly lack slits, which
determination of crystal structure from powder-diffracedecreases the signal-to-noise discrimination as scatter-
tion data (Cox 1992). It is rarely applicable to time-reing from sample containers or environmental chambers
solved studies, which require an extended view of tlewntaminates the pattern. Although such contamination
powder-diffraction pattern. The high signal-to-noisean be eliminated using subtraction (Cletral. 1996,
discrimination afforded by this geometry is particularlyi997b), another possibility, when powder averaging is
useful for the detection of weak diffraction phenomenaot a problem and angular resolution can be relaxed (to
at low angles, which commonly are crucial for the desayl” = 0.03), is to use an energy-discriminating posi-
termination of unit-cell parameters (Hriljatal.1991). tion-sensitive detector (PSD) fitted with a slit (Fig. 1).
Increased time-resolution, without compromising angW&/’hereas most commercial PSDs operate in the so-called
lar resolution, can be achieved by coupling several d&streaming mode”, proportional counting and energy
tectors and crystal analyzers to the same axis, so thiscrimination are possible with these devices. One such
pattern can be recorded in several segments simulRSD is used at the X7A line of the National Synchro-
neously (Hodeaet al. 1998, Siddonst al.1998, 1999, tron Light Source (NSLS) (Cox 1992, Cox & Wilkinson
Torayaet al. 1996). For cylindrical samples, the pro-1994, Jephcoat al. 1992, Smith 1991) and is particu-
duction of a powder-diffraction pattern from these sedarly useful for small samples and for collection of data
ments is straightforward, having been used in neutremitable for resonant-scattering studies.
powder-diffraction at reactor sources where intensity is Another concern with the use of area detectors is
also at a premium for some time. Because the anglesd-out time. When transient processes occur on a sub-
between the normal to the plate and the incident asdcond scale, the time required to read detectors after
diffracted beam are not equal, use of the flat-plagxposure is a severe limitation. Recent improvements
sample holder requires corrections for sample illumind online imaging plate (IP) technology (Thomsal.
tion. 1998) and CCD capabilities will improve this situation.

Anincrease in time resolution usually involves com©ne simple solution to this problem is to record the
promising angular resolution. Parallel-blade collimatorgattern continuously behind a slit and then process the
(Fig. 1), especially when coupled with multiple detecdata after the reaction is complete (Norby 1996, 1997b).
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The Translating Imaging Plate (TIP) detection systefraction data, allowing the study of time-resolved phe-
(Fig. 2) has largely fulfilled its original potential for thenomena at high pressure (Chetral. 1998, Pariset al.
acquisition of high-quality monochromatic powder-dif-1998). This system has allowed not only the elucidation
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Fic. 1. One schematic design (top) for a beamline geometry suitable for time-resolved synchrotron powder diffractometry in
monochromatic mode. A double-crystal monochromatby, gither channel cut or independently translatable and rotatable,
is used to select the incident energy. A mirror or bent crystal optics (not shown) is commonly used to focus the beam on the
sample. Because the synchrotron beam decays with time, an incident-beam ri@hitonéeded to normalize data to the
same relative-intensity scale. Two common sample geometries, flat plate (not shown) and c8pitargré often com-
bined with three detection schemes (shown in boxes): crystal-analyzan@le (Cox 1992, Coat al.1988), vertical (Soller)
slit (S assembly (both coupled to point countgy,and detection with a position-sensitive deted®8[)) or area detector
such as an imaging platd] or charge-coupled devicECD). In the case of the area detectors, it is difficult to use slits or
an analyzer crystal (or both) to better define the scattering from the sample, and contamination from the sample assembly (see
below) can be a problem. The resolution in this latter case is generally dominated by the diaB%tarafrea detectors
such as atfP or CCD detectors (Hammerslest al. 1996). The symbols have the following meani@g: S2 slits; C1, C2:
circles, mono and sample/countt; single-crystal monochromator (Si, G&:: ionization chambeiSAc: sample (capil-
lary); OS andSS optional slit for area or PSD detectors or Soller slit for scintillation coufstesptional crystal analyzer;
PSD position-sensitive detecto€CD: charge-coupled device detectt®?; imaging plate detector. A typical experiment
using thelP detector at the X17B1 beamline of the NSLS (http://www.nsls.bnl.gov) is shown at bottom. This beamline
operates in monochromatic mode, typically with E > 35 keV, or is configured for white-beam operation by removing the
monochromator. Key components of the installation for monochromatic X-ray scattering studies are: (1) the Laue—Bragg
monochromator, which allows conversion from energy-dispersion diffraction mode using a solid-state &S&3tay (
monochromatic diffraction using two-theta scans ofS8&, (2) a movable beamstop allows easy conversion from mono-
chromatic to white beam in less than 60 s; (3) a double{fidtelder, allowing determination of thie-to-sample distance
with a single exposure and continuous monitoring of this distance throughout the experiment; (4) a lead screen with an
adjustable slit installed before the plates, which can be translated behind it. The exposed plate will give a compléte record o
a sample undergoing a phase transition (see Figs. 5, 6 and 8, for example).
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Fic. 2. The capillary reaction cell and translating imaging-plate detection system, as used
at the NSLS. See text for details.

of phase transitions, but also the refinement of crystate now well established (Chen & Weidner 1997, Zhao
structures, thereby allowing the transition to be followeelt al. 1997). Energy-dispersion X-ray diffraction does
at an atomistic level. A TIP, however, has a limitetiave distinct advantages. The experiment allows for
range of translation and requires real-time feedback straightforward collimation and data collection at fixed
provide a trigger to activate the plate at a time appropangles, which makes it easier to discriminate against
ate to capture the transition. Ideally, this would be dommarasitic scattering from sample containers.
without resorting to guesswork or to several loadings of In general, for phase identification and determina-
the sample cell (Fig. 2). Coupling a CCD detector to th®n of unit-cell parameters, energy-dispersion X-ray-
TIP can provide this feedback. Such a device has betiffraction data are suitable and offer distinct advantages
installed and tested on the large-volume DIA apparatus terms of spatial and time resolution. In those cases
(SAM-85) at the X17 beamline at the NSLS (Fig. 1).where accurate determination of structural parameters
The highest possible time-resolution is afforded witis the objective, monochromatic data are preferred.
energy-dispersion diffraction. As diffraction from@ll Many beamlines are capable of changing between these
values are recorded simultaneously, the time-resolutibmo modes of operation, and a description of such a set-
is determined by the brightness of the beam and thp is given in two recent reviews (Parise & Chen 1997,
read-out time of the multichannel analyzer. Quantit®Rariseet al. 1998).
tive interpretation of the crystal structure is hampered
by such systematic errors as energy-dependent abs@pmple containers and cells
tion corrections, absorption edges and definition of the
intensityversusenergy curve. Reliable results have been High-pressure apparatuBecause of the penetrat-
obtained, however, and the software and methodsitg nature of high-energy X-rays, laboratory-scale syn-
enable structure refinement using the Rietveld methaldesis apparatus is commonly transferable directly to the
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Fic. 3. The hydrothermal autoclave-type reaction cell, shown as used at the Advanced
Photon Source (APS) (Evarsal.1994). Walls are milled down to allow X-ray trans-
mission while permitting a maximum operating temperature of *300he figure was
modified after Shavet al. (1998, 2000a).

synchrotron or requires only simple modification. Fofiner details of the partitioning in olivine were deduced
example, the large-volume high-pressure device origrom monochromatic data (Chext al. 1996). By add-
nally designed for diamond growth (DIA) has been suéag a TIP (Cheret al. 1996, 1997a, b), considerably
cessfully interfaced to a synchrotron in Japabhetter time-resolution was possible, and the mechanism
(Shimomuraet al. 1985) at the Photon Factory andof the transformation from olivine structure to the spinel
Spring8. Other installations followed in the USAstructure was observed as a function of time (Géten
(Weidner & Mao 1993) at the NSLS and APS, and at. 1998). Other sample cells, such as furnaces and dia-
DESY in Germany. All are now engaged in the study ahond-anvil cells, are also easily transferred. Similarly,
materials at high pressure and temperature, using maietgel hydrothermal-reaction vessels can be transferred
energy-dispersion diffraction. Whereas this mode dfom the laboratory to the synchrotron.

operation has been used to determine the time-depen-Hydrothermal autoclave-type cellhe cell shown
dent partitioning of Fe in a mixture of olivine afd in Figure 3 was introduced by Evaesal.(1994) and
phase of (Fe,MgpiO, (Chen & Weidner 1997), the has been used extensively in many studies (Francis &
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O’Hare 1998, Francist al.1996). The cell consists of aferrules, all of which are mounted on a modified goni-
modified Parr reaction vessel (25 mL) with a section @imeter head (E). Injection under pressure through the
its wall milled down to a thickness of 0.4 mm. This thinelbow (A) is possibleia a gas-chromatography syringe
ner portion of the wall permits transmission of white X{not shown) mounted in an aluminum holder. A screw
radiation and has a maximum operating temperaturea@innected to the piston of the syringe ensures pressur-
23C°C. Higher operating temperature is possible iization. By turning the screw, the piston is depressed,
thicker-walled cells that require the focused optics atand a controlled volume can be injected into the 1-mm
third-generation source (Shast al. 1998, 2000a, b). capillary through the 0.3-mm capillary. Alternatively,
Attached to the top of the cell is a head consisting ofthe position of the sample capillary (A) can be plugged,
pressure transducer, a safety-relief valve and an injemd the assembly can be extended to expose the injec-
tion reservoir (2 mL). This reservoir consists of a retion capillary location to the X-ray beam. Ports (D) and
motely controlled gate valve that permits injection of éC) then become supply and exhaust lines, respectively,
second solution into the cell at controlled time and tenfer flow-through ion-exchange experiments or solid—gas
perature conditions. Temperature control of the cell ghase reactions. This alternative configuration is de-
donevia a resistance-heated aluminum block and &cribed further in the ion-exchange examples discussed
monitored with K-type thermocouples in contact wittbelow.
the outside of the reaction vessel.

Capillary-type cell This sample cell (Fig. 2) was Software: data analysis and data glut
introduced by Norby (1996, 1997a) and has been widely
used (Anderseat al.1998, Artioliet al. 1996, Cahillet Collection of either energy-dispersion or monochro-
al. 1998b, Christensest al. 1998, Crucianet al. 1997, matic data with ever-increasing time-resolution, as is
Greyet al.1997, Gualtieret al. 1997, Jenseet al.1998, envisioned at third-generation sources, will lead inevi-
Stahl et al. 1996). A general description follows.tably to a data glut. Whereas visual inspection, to iden-
Samples are contained in a quartz capillary (A) that iy the appearance of one phase or the disappearance
closed at one end. The capillary is held in place witha another, may be sufficient in some studies, it is desir-
SwagelocR (B) fitting mounted on a modified goniom- able to develop an unbiased method that can be auto-
eter head. Hydrothermal conditions are creaiachn mated to provide real-time feedback on the course of a
air heater and an overpressure efgds applied to the reaction. Such a method might provide information on
closed end of the capillary. Diffracted X-rays are colsystematic errors as well as on the appearance of new
lected on a portion (C) of an IP detector, which is dghases and the disappearance of others. It should also
fined by two lead shields (D). The IP is translated (arroprovide visual queues to allow the choice of a manage-
E) to expose fresh portions of the plate and obtain déble number (3-5) of diffraction patterns to analyze, out
fraction data as a function of time. At the conclusion aif the hundreds collected. Our second exampile sifu
a run, the exposed plates are read on a Fuji BAS20RRD investigations, ion exchange in zeolites, is dis-
scanner, and the data are extracted using IDL routinesissed below and uses Iterative Target Transform Fac-
IDL is a registered trademark of Research Systems, Inor Analysis (ITTFA) (Lianget al. 1996), an unbiased
2995 Wilderness Place, Boulder, Colorado 80301, USAathematical treatment of the diffraction data that looks
Time resolution in this configuration is 5 minutes or les$or changes as a function of time. From this processing,

Small Environmental Cell for Real-Time Studieginetic information and clues as to which patterns to use
(SECReTp It became clear in our early investigationgirst for Rietveld refinement were obtained. Similar
that we needed a cell that could be used in both the hostategies will be important for efficient management
laboratory and at the synchrotron (Norslyal. 1998). of the ever-increasing quantities of data provided by
This new cell was intended to be versatile, portable abdght X-ray sources.
to allow bench tests at home. Described here is the de-
velopment of a micro-scale reaction cell farsitu ExamPLES OF TIME-RESOLVEDIN SITU
powder-diffraction studies that can be used for hydro- X-RAY-DIFFRACTION STUDIES
thermal titration, ion exchange, hydrothermal precipita-
tion reactions and to investigate solid—gas phase Of the many time-resolved diffraction studies ap-
interactions as a function of time. pearing in the literature, two examples will serve to dem-

The design of the reaction cell is shown in Figure 4nstrate the complementarity of monochromatic X-ray
Reactions take place in a 1-mm quartz capillary (Aowder-diffraction both as a chemical and a structural
mounted in a SwageloBkee (B) using a Vespefer- probe. The first, a study of the transformation of
rule. Through the connected tube (C), a pressure canrbackinawite (FeS) to pyrite (F®S uses monochro-
applied to the surface of the reaction mixture in the capyatic powder-diffraction to identify which phases ap-
illary. Injection takes place through a 0.3-mm quartgear during the course of a hydrothermal reaction under
capillary (A) that goes through the tee and into the &erobic or anaerobic conditions. In this investigation, it
mm capillary. This 0.3-mm capillary is mounted beis important to follow the reaction without interruption
tween a Swagelo€kelbow and the tee with Vesfel for sampling and without necessarily collecting data
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Fic. 4. View of the translating imaging plate (TIP) and the Small Environmental Cell for Real-Time Studies (SECReTS).
Several modes of operation are possible with simple adjustments to the position of the X-ray beam on sample positions at
andB and the injection and exhaust portaandD. Liquids or gases can be introduced through @oifor example, by
injection through a syringe or continuous flow for ion-exchange experiments. The device can be attached to a diffractometer
through standard-fittin&. Either positiorA or B can be heated to a maximum of 26Qusing an air heater, or up to 1000
with the sample &, using either a horseshoe heater or a tube furnace. The latter can be imssidufdehydration studies
under vacuum through pdg, or a mixture of vacuum and various atmospheres by manipulatingpartdD. Another
scenario is explained in (b), where the injection of a reactant is tested. Yet another example would Adlegked off and
sample-positiorB irradiated while solution or gas is passed over the sample, either heated by air flow or cooled to liquid-
nitrogen temperature using a cryostream device. There is sufficient optical access, and the device has been used with PSDs
and CCD detector as well as IPs. Where optical access is not important, and pressure above the burst pressure of quartz glass
is required (say, 2025 atm.), steel tubing ufp te 3 mm can be used at sample positibreg B. Finally, the assembly can
slide to accommodate capillaries of various lengths. The design will continue to evolve as more experiments are done by a
variety of users at both the NSLS and the APS. (b) A trial at the X7B beamline at the NSLS with SECReTS to test the
effectiveness with which the device can be used for injection under hydrothermal conditions. A quartz eapilla®/mm,
was filled with a saturated solution of 80, and heated to 6C. A saturated solution of Baflas injected through a
capillary,® = 0.2 mm (frame\). While a TIP recorded the crystallization, the precipitate is seen forming in the video frames
B, C, D. In future, better synchronization between video or light-scattering information and the TIP will allow more precise
determination of the time relation between precipitation, nucleation, grain growth, phase formation and transformation to
other phases. This information will be useful for application to aluminosilicate zeolites and clays, and processes involving
crystallization from gels.
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suitable for full structure (Rietveld) refinement. Rathemvhere FeS represents an iron monosulfide such as dis-
phase identification and thus reaction sequence permitiered mackinawite, mackinawite or greigite, afd S
deduction of the reaction mechanism. The second eepresents a source of sulfur (elemental, polysulfide,
ample involves determination of the ion-exchangetc).

mechanism in a faujasitic zeolite. This case illustrates (2) Transformation of iron monosulfide to pyrite
the importance of having good static data in order tuccursvia the HS route (Drobneet al. 1990, Rickard
compensate for the poorer statistics available frod997, Tayloret al. 1979), in which HS is the oxidant:
monochromatic time-resolved data. It also serves to

show the power of the Rietveld method (Larson & Von FeS + HS— FeS + Hy(g) [2]
Dreele 1986, Rietveld 1969, Young 1995), in combina-

tion with the constraints obtained from static studies, {8) Replacement reactions in terms of Fe loss:
provide data suitable for elucidation of the reaction

mechanism. 2FeS + 2H — FeS + F&* + Hy(q) [3]
Precipitation and transformation of iron sulfides Such a reaction was investigated most recently by
under reducing hydrothermal conditions Wilkin & Barnes (1996).

In a recent study, Lenngt al.(1997) examined the

The formation of pyrite is a key process in severalolid-state transformation of mackinawite to greigite.
geochemical cycles, including maintenance of the oxjFhese experiments in particular showed the utilitynof
gen content of the atmosphere (Wilkin & Barnes 19963itu XRD by determining the crystal-chemical mecha-
It has also been proposed that the redox energy assoém of transformation. Whereas the sample cell and
ated with pyrite evolution aided the formation of amideeamline set-up for this study were appropriate for the
bonds, a significant reaction in studies of the origin afivestigation of a solid-state phase transition, full ex-
life (Wachtershauser 1988). Despite these widespreanhination of the Fe—S reaction sequence under con-
implications, there remains significant controversy rearolled hydrothermal conditions was not possible. In the
garding the pathway and mechanism of pyrite forma&xperiments reviewed here, we have investigated this
tion and, in particular, the role of oxygen in theseonversion process both aerobically and anaerobically
processes (Benning & Barnes 1998, Beneingl.2000, via time-resolvedn situ X-ray diffraction using sample
Wilkin & Barnes 1996). cells that allow control of reaction conditions (Figs. 2,

The importance of the hydrothermal Fe—S systeB). Given the variety of observations in the literature,
warrants a thorough understanding of the solid-statiee ability to directly monitor the course of this trans-
reactions involved. We suspected that the absence dbamation without compromising the reaction conditions
consistent scheme of reactions is partially due to diffii.e., no quenching of the reaction was necessary to ob-
culties arising from changes in oxidation state. Thesain diffraction data) was deemed important.
changes likely take place in the crystalline, amorphous Starting materials and monochromatic XRD experi-
and aqueous phases present during the course of fornments: The steps for preparing and handling samples
tion. Introduction of oxygen during sampling ot situ  prior toin situ collection of X-ray data have been de-
determination of the phases present in the hydrothernsaribed in detail elsewhere (Benniagal. 2000). Fur-
reaction vessels used for these studies could leadtitermore, the energy-dispersiorsitu XRD component
irreproducible and conflicting results. Earlier studiesf this study that uses the reaction cell shown in Figure
have indicated, however, that the conversion & was described by Cahét al.(2000).
mackinawite to pyrite follows an oxidation process, al- In situ XRD experiments were done at beamline
though the oxidant remains in question. X7B of the NSLS, using monochromatic radiation and

The first step in the formation of iron sulfides undethe capillary reaction cell. Details of the set-up of this
hydrothermal conditions is the nucleation of a reducdzbamline were reported previously (Gualtietial.
short-range-ordered iron monosulfide that is generall996). Some specific parameters for this study are as
believed to be a precursor to mackinawite (Davisdllows: incident white radiation was monochromated
1991, Pariset al.1994, Rickard 1989, 1995, Schooneria channel-cut Si(111) monochromators to the desired
& Barnes 1991). Subsequently, mackinawite itselivavelength as determined from a unit-cell refinement
serves as a precursor to the stable phase, pyrite. Thoéd.aBs (NIST SRM660a). The size of the incident
primary pathways for this transformation have been prbeam was controlleda two upstream slits to be 1X0

posed: 0.5 mm. The sample cell (Fig. 2) was attached to a hori-
(1) Progressive sulfidation and conversion of irozontally mounted Huber four-circle goniometer, and
monosulfides to pyrite (Berner 1970), diffracted X-rays were collected on a TIP system (Norby

1996). Using this configuration, two types of experi-
FeS + S— Fe$S [1] ments were done: anoxic and controlled oxic.
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Results of synchrotrafNSLS powder-diffraction of slurry. After this treatment, the sample mixture was
FeS— Fe$S transformation under anoxic conditians heatedin situ to 150C over 30 minutes and held for
For these experiments, the goal was to increase samgygroximately 2 h. As expected, this oxygenated experi-
density in order to produce a satisfactory diffraction signent showed rapid disappearance of mackinawite fol-
nal while maintaining control over the,@vel. Such lowed by the appearance of greigite after approximately
criteria proved difficult in the configuration of the hy-30 minutes (Fig. 6). The onset of pyrite is observed at
drothermal autoclave cell (Fig. 3), as described prevébout 40 minutes, followed by the formation of magne-
ously (Cabhillet al.2000). These runs heatedensitu tite at about 60 minutes. Goethite is present throughout
prepared anoxic Fe-S slurry to 2@0over 30 minutes almost the entire run. In Figure 6, the large increase in
and held for 3.5 h. During this time, diffraction peak®ackground scatter (as compared to Fig. 5) betwe®n 10
solely from mackinawite were observed (Fig. 5). Sexand 33 26 is due to a decrease in the sample density
eral experiments at different temperatures (90 t6A@p0 after treatment with compressed air. The slurry was dis-
yielded similar results: for anoxically prepared Fe—8irbed in the process and, owing to time constraints, not
slurries, mackinawite is the only Fe-sulfide phase olallowed to settle completely prior to loading for the
served under these conditions. situ experiment.

Results of synchrotrafNSLS powder-diffraction of Discussion and remark$he capillary reaction cell
FeS— Fe$S transformation under oxic conditionsy  (Fig. 2) and sample preparation used at the NSLS
order to investigate the role of, @ the hydrothermal allowed a higher density of solids in the path of the in-
Fe—S systenthe above experiment was repeated withident X-ray beam as compared to the hydrothermal-
an aerated starting material. Specifically, compressed bomb-type cell (Fig. 3) (Cahilet al. 2000), thus
was bubbled through a secoed situprepared Fe—S providing an adequate X-ray-diffraction signal. The re-

Mackinawite; Anoxic

Arbitrary Intensity

&)
=
o

200 |

A =0.89012 A

Fic. 5. Time-resolved powder-diffraction patterns ofensituprepared anoxic slurry heated to 120as obtained in the
capillary reaction cell. FeS (mackinawite) is the only observed sulfide phase after 3.5 h under reduced anoxic conditions.
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Fic. 6. Time-resolved powder-diffraction patterns ofearsituprepared aerated slurry heated to°@MNote the rapid disap-
pearance of mackinawite as it is replaced by greigite, goethite, pyrite and magnetite under these oxic conditions.

sults of the anoxic experiments with this set-up shotimization of experimental parameters will allow acqui-
the persistence of mackinawite to at least’CS&ug- sition of data suitable for kinetic studies and Rietveld
gesting that the monosulfide-conversion mechanisanalysis. In their current configurations, neither of the
shown in equation [2] does not occur. Furthermore, rabove cell types (capillary or autoclave) is particularly
other Fe-S phases were observed after 3.5 h of reagited to study the early stages of FeS nucleation reac-
tion, in contrast with previous observations. During oxitions. Rather, other synchrotron-based techniques such
experiments, however, the formation of greigite, pyriteas simultaneous SAXS-WAXS (small- and wide-angle
goethite and magnetite was observed, indicating that tkeray scattering, respectively) experiments may make
mackinawite— greigite— pyrite transformation se- a contribution to our understanding of these reactions
guence occurs only where conditions are not anaerohbijde Mooret al. 1997, Shavet al. 2000c).
A more thorough discussion of reaction mechanisms can
be found in Cahilkt al. (2000). Characterization of ion exchange in zeolite LSX

In summary, the experimental techniques used in this
study illustrate the applicability to a number of systems. The mechanisms of ion exchange in microporous
The ability to maintain anoxia under hydrothermal corand layered solids, such as zeolites and clays, have im-
ditions without interruption for sampling shows the poportant implications in areas as diverse as soil fertility
tential for thorough studies over a range of sampbnd environmental remediation. Detailed characteriza-
environments. As these were the firsisitu XRD ex- tion of the process whereby site-specific exchange oc-
periments of the hydrothermal Fe-S system, further opurs, along with the effects of different types of cations
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on the uptake and release of ions, is best realized usfreg diameter of about 7 A, and are linked in a diamond-
a probe that is both time- and structure-sensitive @teetype lattice through rings of six tetrahedra (6-ring win-
al. 1998b). To discern the mechanism, it is necessaiipws, S6R) to form the hexagonal double six-ring
not only to observe the course of the reaction and psisms (D6R) between the sodalite cages (Fig. 7). The
outcome, but also to collect dynamic X-ray-diffractiorS6R of the sodalite cage has a free diameter of about
data of sufficient quality to allow structure refinemen®.5 A, and is therefore capable of allowing certain ex-
using the Rietveld technique. changeable cations or molecules into the sodalite cage
An illustration of this approach is provided by in-and the D6R (Fig. 7). Cations are located at preferred
vestigating the exchange systems ofKNa, Sr— Na interstitial sites, which, in the case of X-type zeolites,
and Sr— K in low-silica X-type zeolite (LSX) (Leet are the so-called type I, I', Il and III' sites (Fig. 7).
al. 1998b). LSX is one of the synthetic counterparts of To investigate the ion-exchange mechanisms in
faujasitic zeolites and has a Si:Al ratio of 1 (Kuhl 1987),SX, a combination of time-resolved synchrotron X-ray
and hence the maximum possible number of exchangmwder-diffraction data collected with a TIP and
able cations. Faujasite consists of a negatively chargeeetveld structure refinement was used—KNa ex-
aluminosilicate framework with two interconnectingchange proceeds through a two-phase region in agree-
three-dimensional networks of cavities (Breck 1984nent with the result of thex situstudy (Leeet al.1998a,
containing interstitial cations (Fig. 7). The larger cavib). S— Na exchange proceedis a narrow miscibility
ties, called supercages or 26-hedron cages, have a fyap consistent with the model of Olson & Sherry (1968),
diameter of about 13 A, and are linked by sharing ringshereas a single phase is maintained throughout the
of twelve tetrahedra (12-ring windows) that have a freourse of S~ K exchange. Changes in occupancy of
diameter of about 8 A. The smaller cavities in sodaliteach site suggest that ion exchange in LSX is cation-
called beta cages or truncated octahedral cages, have a

supercage sodalite cage

site IIT'

Fic. 7. Polyhedral representation of the faujasite framework. Nodes represent the centers
of (Si,Al)O, tetrahedra, and straight-line sections represenT-+@&-T linkage T =
Si,Al). Cation sites are located in the middle of the double six-membered rings (site 1),
close to the six-membered rings both in the sodalite cage (site I') and in the supercage
(site I1), and close to the four-membered rings (site I1I'). Designation of each interstitial
site in this study follows the nomenclature of Olson & Sherry (1968).
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dependent and site-specific, a result that would hapassed over the sample using aroierpressure of 20—
been difficult to obtain with static measurements. 30 psi at room temperature. FoHK Naexchange, the
Starting materials and monochromatic XRD experiTIP detector recorded the diffraction pattern over 6 h
ments:Synthesis of LSX was described previously by = 0.9949 A) behind a slit of width 3 mm with a step
Kuhl (1987) and Leet al. (1998b). Pure Na- and K- size of 0.2 mm and a step-counting time of 24 s. A
forms of LSX were prepared and used as starting mataenochromatic beam af= 0.9511 A was used for Na
rials for thein situion-exchange experiments (Leeal. — K, Sr— Na and S K exchange, and step-count-
1998b). ing times of 20, 12, and 18 s were used, respectively.
Time-resolved powder-diffraction studies using &igures 8—11 show the time-resolved synchrotron X-ray
TIP system were performed at beamline X7B of thpowder-diffraction profiles from eacim situ ion-ex-
NSLS. Each powdered sample of ~0.003 g was loadelange experiment.
into a 0.7-mm quartz capillary that was plugged with A similar setup with a CCD detector was used at
glass fibers at both ends (Fig. 4). This capillary waseamline X7A of the NSLS to describe the-K Na
mounted on the SECReTS cell (Fig. 4), and a 0.01 M ekchange system. The detector was seb at 23 and
each exchange solution (KCI, NaCl, S#6H,0) was sample-to-detector distance of 30.9 cm, covering a 2

K - Na exchange in LSX
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Fic. 8. Plot of the synchrotron X-ray powder-diffraction profiles as a function of time during the 6 h of K-exchange into Na-

LSX. The patterns are obtained by integrating the imaging plate vertically with an integration width of 3 mm, about the size

of the slit.
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Na - K exchange in LSX
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Fic. 9. Plot of the synchrotron X-ray powder-diffraction profiles during the 5 h of Na-exchange into K-LSX.

range from 17.7to 28.2 (A = 0.7000 A). Diffraction resolved data, along with the plots of the cell param-

patterns were recorded every 60 s on a SMART 1K CCGfers as a function of time.

area detector without the slits (Fig. 4). Results of the synchrotrdiNSLS in situ powder-
Rietveld refinement was done using the GSAS suitéffraction of K— Na exchange in LSXhis system

of programs (Larson & Von Dreele 1986) and sets eofas discussed in detail in the previassituandin

data integrated to represent 6—8 min portions durirgitu reports (Lee 1998a, b). Only one set of peaks was

eachin situscan (Norby 1997b). The structural paramebserved during the first 30 minutes (Fig. 8). Two sets

eters from thex situstudy (Leeet al.1998b) were used of peaks, which could be indexed as two separate face-

to construct and constrain the starting models. A®ntered cubic phases, were present after this stage. The

changes in cation distribution are important to undesecond set of peaks was shifted to a lowgevelue rela-

stand the ion-exchange process, only positions and dige to the peaks from the original phase, indicating a

cupancies of cations angd® groups were refined. The larger unit-cell. These two phases are designatéd as

site III' was modeled using the scattering factor for @ndB (Fig. 8) for the discussion below.

owing to the possible disordering of the interstitial at- Kinetic information and which initial patterns to use

oms at this site (Mortier & Bosmans 1971) (Fig. 7)for Rietveld refinement were obtained using ITTFA

Figure 12 shows the changes in cation distributions ifkiang et al. 1996). Four different “components”

ferred using the Rietveld refinements and the timéFig. 13a) were identified from the time-resolved data
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Fic. 10. (a) Plot of the synchrotron X-ray powder-diffraction profiles during the 3 h of Sr-
exchange into Na-LSX. (b) Details of Sr-exchange into Na-LSX during its initial period.
A reflection with an asterisk marks the formation of pHassdthe disappearance of
phaseC. Changes in the low-angle region (right) also are shown for comparison.

(Fig. 8). Component 1 is attributed to the errors asso¢k) of 4 X 1076 andn = 2.3. This result suggests a diffu-
ated with the geometry of the IP. Components 2 andsibn-controlled process with a decreasing rate of nucle-
represent the disappearance of pbfasad the growth ation (Clarket al. 1994, Hulbert 1969, Norby 1997a).

of phaseB, respectively, whereas component 3 repre- The unit cell of phasA decreases initially, whereas
sents the two-phase region where pha@sesdB are that of the larger-volume pha8eshows a continuous
present. By combining components 2, 3, and 4, norméatcrease from its formation (Fig. 12a). These propor-
ized fractions were plotted against reaction time (Figions become constant at the end of ther6ditu scan.
13b). Fits to the Avrami equation (Avrami 194194 The initial and final cell dimensions inferred from the
1-exp(kt)", wherea is a normalized fraction of eachin situexperiment are consistently larger than those from
component phase, allowed us to derive a rate constéime ex situstudy: 25.134(1)-25.281(1) A compared to
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Fic. 11. (a) Plot of the synchrotron X-ray powder-diffraction profiles during the 4.5 h of
Sr-exchange into K-LSX. (b) Details of Sr-exchange into K-LSX during its initial pe-
riod. A reflection with an asterisk indicates that a single phase is preserved. Changes in
the low-angle region (right) also are shown for comparison.

25.0491(3)-25.2486(3) A, respectively (Fig. 12a). Theons, suggesting diffusion of K from site I' to site |
difference is attributed to the difference in hydration ifFig. 12b). There is a continuous increase in the occu-
each experimental condition (Le¢ al. 1998a, b). pancy of site Il by K from the formation of pheBe
Changes in occupancies of sites I, I'and Il by K indi- To investigate the initial stages of this reaction, a
cate a time-dependent and site-specific ion-exchange p&ED detector was set for higher time-resolution (60-s
cess (Fig. 12b). As in thex situstudy (Leeet al.1998b), exposuresiathe quasi-real time scan). A model for the
K first replaces Na at site Il in pha8e The occupancy initial stage of K-exchange in Na-LSX is proposed by
of site Il by K increases until Na at site I' begins to excomparing a calculated powder-diffraction pattern with
change, at which stage ph&eappears. In phadg, the a CCD-detector observation (Fig. 14). Combining the
occupancies of sites | and I' by K trend in opposite direcesults of the simulation and Rietveld refinements, the
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Fic. 13. (a) ITTFA results showing the four “components” of the K-exchange into Na-
LSX. Components 2, 3 and 4 are emphasized with bold lines. (b) Normalized fractions
of the combined components 2, 3 and 4 and fits to the Avrami (1941) equation.

following pathway for K-exchange in Na-LSX is drawnrate face-centered cubic phases, coexisted for 10 min-
Potassium first replaces Na at sites Il and llI' in thetes after this initial stage. The peaks of the new phase
supercage in the early stage of the exchange (Fig. 1dere shifted to higher@values relative to those of the
This transient step is followed by diffusion of K to theoriginal phase and hence indicated a smaller unit-cell.
sodalite cage, where Na at site I' is then exchanged. Wilinly the new phase persisted throughout the rest of the
those sites loaded with K, the openings of the S6R im situscan. These two phases are designat&d asd
crease, and further K exchange causes a unit-cell &-(Fig. 9) for the discussion below.
pansion by positioning K at site |, the D6R site (Figs. The cell dimensions of phasBsandA' (Fig. 12c)
12a, b). are related to those of phageandB (Fig. 12a). Phase
Results of the synchrotrdiNSLS in situ powder- B' does not show any significant change in cell dimen-
diffraction of Na— K exchange in LSXThe structural sion from its initial value of 25.272(1) A. This value is
response of Na-LSX on K-uptake involved a cell exelose to the final cell constant of ph&25.281(1) A,
pansion caused by site-specific ion-exchange. To extentlich, in turn, is indicative that the & Na exchange
this idea and test the reversibility of the system, Na-ewas complete. Phage exhibits an increase in cell pa-
change into K-LSX was done. One set of peaks wasmeter from its initial value of 25.070(1) A and slowly
observed during the first 30 minutes of the Bilsitu  approaches 25.134(1) A. This value is equal to the ini-
scan (Fig. 9). Two sets of peaks, indexed as two sepa-
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Fic. 14. Calculated and observed (CCD) powder-diffraction patterns, showing the initial
transient model in the k- Na exchange where Naons of the wall sites in the
supercage (sites Il and III') are first replaced Byidfs.

tial cell constant of phage (Fig. 12a) and suggests thatl0 minutes. This formation of a larger-volume phase is
the Na— K exchange was complete. consistent with the results of Olson & Sherry (1968).
Changes in the cation distributions in phaBeand Only the second set of peaks remained throughout the
A' suggest that the cell contraction is caused by Na mest of than situscan. These two phases are designated
placing K in the D6R (Fig. 12d). This is analogous tasC andD (Fig. 10) in the following discussion.
the mechanism observed in the-K Na exchange Changes in the cell parameters of phaSemndD
(Fig. 12b) and shows that the K-Na-LSX system is rare shown in Figure 12e. The unit cell of ph&sm-
versible. Smaller Na ¢ 1.00 A) can enter site | more creases slightly until phageforms. In phas®, the unit
efficiently than K (r=1.38 A), which causes the cell tocell continues to decrease from 25.303(1) to 25.247(1)
contract abruptly. An isothermal study of this system i&. The initial unit-cell parameter of pha€e 25.131(1)
currently underway. A, which represents that of pure Na-LSX, is close to the
Results of the synchrotraNSLS in situ powder- final value of phasé' (Fig. 12c).
diffraction of Sr— Na exchange in LSXon-exchange The structure models determined for phaSeand
behavior that involves a two-phase system in X-type differ in the occupancy of site . PhaGehas Na at
zeolites was first reported by Olson & Sherry (1968) imites I, I' and Il, whereas phaBehas Sr at site | (Fig.
the context of an investigation of Sf Na solid solu- 12f). The occupancy of site | by Sris responsible for the
tion in Linde X. By studying bulk samples at differentarger unit-cell volume. This is analogous to the mecha-
Srloading levels, they discovered a miscibility gap angism observed in the k= Na system. No significant
explained the unusual behavior of the isotherm observeldanges in occupancy were detected after the first hour
by Sherry (1968). Usingn situ synchrotron X-ray of thein situ scan.
powder-diffraction, we have followed this system in Results of the synchrotrdiNSLS in situ powder-
LSX to discern the details of the exchange mechanisuiffraction of Sr— K exchange in LSX he presence of
One set of peaks was observed during the first 30miscibility gap in the K—-Na and Sr—Na solid solution
minutes of the 3 m situscan (Fig. 10). The second setn LSX prompted us to investigate the-&fLSX sys-
of peaks began to grow as shoulders on the low-angém. Only one set of peaks was observed during the 4.5 h
sides of the peaks from the original phase. These sepéthein situscan (Fig. 11). The cell parameter continu-
rate faujasite-type phases coexisted for approximatedysly decreased from 25.290(1) to 25.247(1) A
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