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Abstract

Halogenated organic compounds are common pollutants in groundwater. Consequently, there is widespread interest in
understanding the reactions of these compounds in the environment and developing remediation strategies. One area of
ongoing research involves the reductive dechlorination of organohalides with zero-valent metals or metal sulfide minerals.
These processes have been studied almost exclusively from the perspective of the aqueous phase. In this paper we illustrate
the utility of surface analysis techniques, including electron spectroscopies, vibrational spectroscopies, and atomic force
microscopy in elucidating the roles played by the surface. A dual analysis approach to the study of reductive dechlorination,
combining traditional solution phase analysis with surface analytical techniques, also is demonstrated using a liquid cell
coupled to an ultrahigh vacuum surface analysis chamber.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction a mineral surfacg1-8]. The nature of the surface
will control the activity of the solid phase as well as
Water—solid interfaces play a key role in numer- the adsorption characteristics of species from solu-
ous processes of environmental importance. Dissolu- tion. An understanding of the chemical composition
tion and precipitation of mineral phases, adsorption of and structure of the solid surface is required in order
inorganic and organic species, electron transfer, pho- to achieve a molecular-level mechanistic conceptual-
tochemical processes, and microbial mediation all in- ization of these processes and enhance our predictive
volve the interface between an aqueous solution and powers. Consequently, traditional surface science tools
are finding new applications in mineralogical and en-
mponding author. Tel#1-410-516-4328; vironmental StUdles_' ) . .
fax: +1-410-516-8420. One area of ongoing study involving the solid—water
E-mail addresshoward@jhu.edu (D.H. Fairbrother). interface involves the fate of halogenated compounds
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in the environment. Organohalides comprise 17 of the 2. Surface analytical techniques
25 organic pollutants most frequently detected in US
groundwatef9] and over half of the US Environmen-  2.1. Electron spectroscopies
tal Protection Agency'’s Priority Pollutant ligt0]. Re-
cent investigations into their reductive dehalogenation  X-ray photoelectron spectroscopy (XPS) and Auger
reactions with zero-valent irdi1-40]have led to the electron spectroscopy (AES) provide information on
successful development of permeable reactive barri- the chemical composition of the surface by measur-
ers employing Fe(0) for containment of contaminated ing the element-specific kinetic energy of the electrons
groundwateff41,42]. In a process equivalent to cor- ejected subsequent to excitation by either an X-ray
rosion, Fe(0) donates an electron to the organohalide,or electron beam, respectivel§1-63]. The inelastic
which thereby is reduced to form less highly halo- mean free path of the ejected electrons limits the vol-
genated products and halide ions in solution. Iron ume of the sample probed, and therefore both tech-
sulfide minerals also have been shown to reduce niques are sensitive to species within the near-surface
low molecular weight organohaliddg3—48]; such region of the sample. For 500 eV electrons in a typi-
reactions may play an important role in the natural cal metal, >80% of the detected signal will come from
attenuation of halogenated compounds in the environ- within 2 nm of the surface. The concentration profile
ment. of chemical species below the interface can also be
Laboratory studies of reduction by zero-valent iron obtained by employing ion sputtering in conjunction
to date have investigated the kinetics of the dehalo- with either techniqué64].
genation reaction and probable mechanigfris-14, In addition to providing quantitative information
16-21,23,26,27,29-31,34,35,37-39,49-52], as well about the sample surface, AES can be used for imag-
as the rate enhancement obtained with bimetallic re- ing studies. Because a well-focused incident electron
ductants (consisting of a catalytic metal such as Ni beam can be raster-scanned across the sample surface,
or Pd plated onto the zero-valent irof}5,22,33, elemental maps can be created showing the spatial dis-
36,51,53-58]. Additional studies using column reac- tribution of each element at the surface. The strengths
tors and pilot-scale permeable reactive barriers in the of XPS are complementary to those of AES. Although
field [24,28,32,59,60]have examined the efficiency XPS does not readily provide spatially resolved in-
and longevity of Fe(0) barriers under operating condi- formation, it is sensitive to the oxidation state of the
tions. With few exceptionf26,55], these studies have chemical species. High-resolution scans of specific el-
involved analysis of the solution by conventional “wet emental regions provide a means to understand the
chemistry” tools such as gas chromatography and gaschemical state of the surface species in addition to the
chromatography—mass spectrometry (GC-MS). elemental composition.
In this paper, we illustrate how surface analytical
techniques, including Auger electron spectroscopy 2.1.1. Auger electron spectroscopy for
(AES), X-ray photoelectron spectroscopy (XPS), atte- characterization of bimetallic reductants
nuated total reflection Fourier transform infrared spec- ~ Bimetallic reductants, consisting of palladium or
troscopy (ATR-FTIR), micro-Raman spectroscopy, nhickel plated onto zero-valentiron, were characterized
and atomic force microscopy (AFM) can be employed in order to better understand the relationship between
to investigate aspects of chlorocarbon reactions with surface composition and reactivity towards reductive
zero-valent metal reductants and metal sulfides. Ad- dehalogenation of organohalides. The amount of the
ditionally, we demonstrate how a liquid cell coupled plated metal (both nickel and palladium) on the iron
to an ultrahigh vacuum (UHV) chamber can be used surface, as well as its distribution on the surface and
to combine information about surface composition through the near-surface region, was investigated us-
with measurements of reaction rates to develop a ing AES.
more complete picture of the liquid—solid interface.
This approach provides an extremely powerful com- 2.1.1.1. Experimental details.Auger spectra, ele-
bination capable of elucidating processes pertinent to mental maps, and depth profiles were obtained with
environmentally relevant liquid—solid interfaces. a Physical Electronics (®) 610 Scanning Auger
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Microprobe operating in an ultrahigh vacuum (UHV) of the differentiated nickel and iron peaks provides a
chamber with a typical base pressure of 108 Torr. quantitative measure of nickel loading. In this case,
Samples were probed using a 5keV electron beam the percent composition of nickel on the sample sur-
operating with an emission current of 1Q8 at faces is 9.6, 28.1 and 63.6% fbig. 1(a)—(c), respec-
30° from the sample normal. Spectra and elemen- tively. Quantitative characterization of the surface in
tal maps were acquired using a beam raster size ofthese systems currently is being used to understand
100pm x 100um. the relationship between nickel loading and the rate of
A @ 04-303 differentially pumped ion gun (3keV, dechlorination ofcis-1,2-dichloroethene in batch re-
25mA) in conjunction with the AES spectrometer was actor systems as measured by gas chromatography.
employed for the depth profiles using an Ar pressure
within the gun of 15mPa. The Ar pressure was held 2.1.1.3. Spatial distribution of catalytic metal with
constant throughout all experiments in order to ensure AES imaging. Fig. 2 presents two elemental
equivalent sputtering rates. The gun was oriented ap- maps produced by AES imaging for a sample of
proximately normal to the sample surface and focused nickel-plated iron. The two images were produced
to a 2mmx 2 mm spot. Data were acquired at 10min for the same 10m x 100pnm area of the sample.
intervals. The typical operating pressure within the The image on the left (Fig. 2(a)) shows the variation
UHV chamber during sputtering wasx110~/ Torr. in the intensity of the iron Auger peak at 650eV as
the beam was raster-scanned over the sample. Be-
2.1.1.2. Quantification of bimetallic metal loading. cause the sample consists entirely of iron particles,
Fig. 1 presents the Auger spectra of three different the iron elemental map reflects the topography and
samples of Ni-plated iron prepared by an electroless spatial distribution of the particles. The image on the
deposition technique involving exposure of iron pow- fight (Fig. 2(b)) depicts the variation in the intensity

der to an aqueous solution of NiCIThe iron sam-
ples corresponding to the spectraFig. 1(a) and (b)
were prepared using the same 1.0 mM Ni€blution.

of the nickel Auger peak at 848 eV across the sam-
ple surface. As seen in this elemental map, nickel is
distributed heterogeneously, appearing in localized

Sample (a) was exposed for 1 min while sample (b) patches on some iron grains, but not on others. Thus,

was exposed to the solution for 10 mkig. 1(c) rep-

it appears that the surface is not covered by a uniform

resents the spectrum of an iron sample that was ex-layer of nickel, but rather is composed of a hetero-

posed to a 100 mM NiGl solution for 10 min. The

geneous patchwork of nickel and iron. The heteroge-

AES spectra indicate that all three samples contain neous distribution (islanding) of nickel is consistent
carbon (264 eV), oxygen (512 eV), iron (596, 650 and With the fact the metal is being plated on an iron
700eV), and nickel (728 and 848 eV). The notable dif- surface, which is itself composed of a heterogeneous
ference between the spectra is the relative intensity of oxide overlayer. Such information can be important
the nickel peaks. The ratio of the peak-to-peak heights in comparing the behavior of different systems em-
ploying bimetallic reductants because the dispersion
of the catalytic metal on the base metal, in addition

c o Fe N to the total loading, can affect reactivif§5].

, “1 ) @

2.1.1.4. Depth profiles to determine surface availabil-
ity of plated metal. In addition to providing spatially
resolved information across the iron surface, AES can
be used to characterize the distribution of the cat-
alytic metal as a function of depth below the surface.
Fig. 3illustrates the Pd:Fe ratio for two different pal-
ladized iron samples as a function of Asputter-
ing time. The sample correspondingRa. 3(a) was
plated in a neutral solution of ®2dCk, while the sam-
ple from Fig. 3(b) was plated in an acidic solution.
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Fig. 1. Auger spectra of Ni-plated Fe powder. Samples were
exposed to 1.0 mM NiGlfor 1 min (a), 10 min (b), and to 100 mM
for 20 min (c).
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Fig. 2. Scanning AES elemental maps of Fe (a) and Ni (b) on a bimetallic reductant. Images correspond to the pamell@j.m area.

Auger spectra of the two samples before sputtering near-surface can provide direct evidence of the cause
(data not shown) revealed that the Pd:Fe ratio of sam- of this phenomenon: the reduced availability of the
ple (a) was more than an order of magnitude greater catalytic metal at the surfadée].

than the ratio obtained from sample (b). The depth

profile in Fig. 3(a) indicates that the Pd:Fe ratio de- 2.1.2. X-ray photoelectron spectroscopy (XPS)
creases as the surface is sputtered, suggesting that the

Pd is present at the surface of the iron particles and 2.1.2.1. Experimental details.Spectra were ob-

is removed as sputtering continues. In contrast, the tained with a Physical Electronics (®) 10-360 Pre-
depth profile inFig. 3(b) shows that the Pd:Fe ratio cision Energy Analyzer using the Mg Kdine
initially increases through the first few sputtering cy- (1253.6 eV) of ad 04-500 Dual Anode X-ray Source
cles and then falls off. The shape of the profile shown at 15kV and 300 W. All spectra shown were obtained
in Fig. 3(b) suggests that the palladium does not reside with a pass energy of 44.75eV and a resolution of
at the surface of the bimetallic particle but is at least 0.125eV per step. XPS analyses of Pd/Fe reductants
partially buried underneath an iron-containing over- in Section 2.1.2.2vere carried out in a UHV cham-
layer. As a semi-quantitative comparison of the depth ber with a base pressure of>210-8 Torr. Binding
profiles, rough polynomial curve fits were performed energies for the Pd/Fe spectra were referenced to
on each profile irFig. 3 (data not shown). Analysis of the adventitious carbon 1s peak at 284.6 ©7].

the resulting fits indicates that the integrated areas un- XPS analyses of pyrite iSection 2.1.2.3vere car-

der the curves are equivalent within a factor of three, ried out in a UHV chamber with a base pressure of
suggesting that the difference between these samples4 x 1019 Torr. Binding energies were referenced to
is the availability of the palladium at the surface, not the S 2p peak from the bulk pyrite disulfide species
the total amount plated. AES depth profiles have been at 162.3 eV[68]. A ® 04-300 ion gun (2keV, 25 mA)
used to explain differences in reactivity of Pd/Fe par- was employed for the pyrite surface modifications
ticles as a function of preparation methf@6]. The using an Ar pressure within the gun of 15mPa. The
growth of iron oxides on bimetallic surfaces has been gun was oriented approximately 4%0 the sample
implicated previously in the finite lifetime of these surface and focused to a spot slightly larger than the
bimetallic system$55,60]. Depth profiles through the  area of the sample surface (~1 ctl cm).
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Fig. 3. Ratio (peak-to-peak heights of AES data) of the Pd signal to the Fe signal during depth profiles of two different bimetallic samples.
The Pd signal decreases throughout the sputtering process on sample (a), but appears to increase over the first few sputtering cycles on
sample (b) before decreasing at longer sputtering times.

2.1.2.2. XPS for characterization of bimetallic reduc-
tants. The same palladium—iron bimetallic reduc-
tants discussed above were also examined by XPS.
The resulting spectra of the Pds3g-3cs,> doublet

are shown inFig. 4. The position and widths of the
peaks in the two spectra are very similar, suggesting
that the oxidation state distribution of the palladium in
the two samples is similar. Additionally, the position
of the peaks at 340.1 and 335.1¢V is in close agree-
ment with previously reported values of the binding
energies for Pd(0)55]. Because only the zero-valent
state of the palladium is expected to provide en-
hanced reactivity, such analyses can be invaluable tOFig, 4. xps spectra of the Pd 3¢-3ds2 region for the same
investigations of bimetallic reductants. two samples irFig. 3. Peak positions are indicative of Pd(0).
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o disufide ,_ ' Although the penetration depth of the incident pho-
£ 1.8 e tons limits the surface sensitivity of both techniques,
o ﬁ(?l& the choice of experimental geometry can favor surface
E vy specificity. The attenuated total reflection (ATR) ge-
2 ometry employed in the FTIR experiments described
% below make; it possible to sele_ctively probe the sur-
= o T T T T T T face of the iron sample placed in close contact with
170 168 166 164 162 160 158 the ATR crystal. The evanescent wave generated by
Binding Energy (eV) reflection of the infrared radiation at the internal sur-

Fig. 5. The S(2p) XPS spectra of a natural pyrite (100) surface face of the A-I_-R crystal penetrates only a few hundred
(a) and a surface that was Aiion-bombarded for 55 min (b). nanomqers into the samplél]. The point-contact )
capabilities of the ATR accessory allows for analysis

2.1.2.3. XPS for characterization of chemical speci- Of small particles as well as larger coupons or foils.
ation at pyrite surfaces. The oxidation state infor- Raman scattering is inherently a weak process,
mation obtained from XPS is also useful in studying Which makes the study of a small number of surface
the chemical speciation of both Fe and S in pyrite. species difficult. The use of modern charge-coupled
Previous studies have shown that specific surface de-device (CCD) detectors, however, can compensate for
fect sites exhibit enhanced reactivity towards water the low sensitivity of the technique. One advantage of
[68,69]. For the study of organohalide reactions with Raman spectroscopy is the ability to probe low fre-
pyrite, surface modification by ion bombardment, to- quency vibrations that are inaccessible with infrared
gether with a determination of the chemical speciation absorption techniques. For example, bonds involv-
of the surface by XPS, can be used to create surfacesing metallic species, such as the Fe—O bonds in iron
with known quantities of defectssig. 5 shows the ~ Oxides, can be probed. Additionally, micro-Raman
S 2p region of two different pyrite samples. The top SPectroscopy can be employed in spatially resolved
spectrum (Fig. 5(a)) is a natural pyrite (100) crystal Studies by coupling the Raman spectrometer with a
face that was ultrasonically cleaned in methanol and MICroscope.

acid-washed prior to introduction to the surface analy-

Sis Chamber‘ The major Contribution to th|s peak iS the 221 Attenuated tOtal I‘eﬂeCtiOI’l Fourier transform
2p3/2—2py /2 doublet of the disulfide species at 162.3 infrared spectroscopy

and 163.5e\[68]. After 55 min of sputtering with an

Ar+ ion gun, the bottom spectrum (Fig. 5(b)) is ob- 2.2.1.1. Experimental details.Spectra were acquir-
served. Here a different peak shape is observed dueed on a Mattson Infinity Series FTIR with a mercury
to the contribution of the monosulfide species (sul- cadmium telluride detector at a resolution of 2¢m

fur vacancy sites) at lower binding energies of 161.5 Surfaces of iron coupons goodfellow were examined
and 162.7 e\[68]. XPS data such as these provide a by means of an attenuated total reflection device
means of understanding which chemical species may (SpectraTech Thunderdome) employing a germanium
be playing a role in subsequent reactions of the pyrite crystalin point-contact mode. Spectra were created by
surface with organohalides in aqueous environments Packground subtraction of an unreacted iron coupon.

(seeSection 2.4below).
2.2.1.2. ATR-FTIR for monitoring silica uptake by

2.2. Vibrational spectroscopies zero-valentiron. One area of ongoing research in the
study of permeable reactive barriers is the effect of
Infrared absorption and Raman spectroscopies havecommon constituents of groundwater on the longevity
found widespread use in the study of bulk samples of the barrier[24,32,59]. For example, adsorption of
for decades and are applicable to the study of surfacelarge quantities of silica may affect the reactivity of
species as wel[70]. By probing vibrational bands, iron-based barriers over time. Consequently, the ki-
these spectroscopies can be used to identify the chem-etics of silica adsorption on granular iron must be
ical nature of adsorbed species and surface phasesunderstood.
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Silica (SiQ) uptake by iron coupons in buffered %
solutions that simulate groundwater was monitored by

()
[&]
ATR-FTIR. Because the Si-O stretch has a strong IR _§ 1 day exposure
absorbance near 1000th FTIR is very sensitive to é
the presence of silica. Point-contact mode attenuated 2 bite //\_\/\
total reflection FTIR, which brings solid surfaces into : . : : : .
intimate contact with the ATR crystal, is ideally suited 1300 1200 1100 1000 900 800
to studying the chemical species present on an iron Wavenumber (cm™)
coupon.Fig. 6 illustrates the spectra obtained from
iron coupons removed from a 100 mg/| SiGolution Fig. 6. ATR-FTIR spectra (resolutios 2 cmi™1) of iron coupons

and rinsed after 1 day and 7 days. For comparison, that were e_xposed to the same 100 mg/IZSi{DIution‘for different

. . lengths of time. For comparison, a spectrum of albite (Na&lg),
a spectrum of albite, NaAIgDg, also is shown. Al- i also Shown.
though Si—O absorbance can be seen after 7 days of
exposure of the Si@solution to the iron foil, the peak  crease in the peak area with increasing exposure time,
shape is differs from that observed from albite as a monitoring the Si—O stretch in the IR spectrum of the
result of the dissimilar chemical environments of the iron surface provides a means of investigating silica
Si—O species in the silica adsorbed to the iron foil com- adsorption as a function of time or other experimental

pared to the silicate mineral. As illustrated by the in- variables (e.g. pH).
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Fig. 7. Raman spectra of different iron grains removed from a laboratory-scale column reactor. Although none of the spectra represents a
single crystalline iron oxide phase, the spectra indicate the presence of goethié®(QH) (a), green rust (mixed Fe(ll)-Fe(lll) layered
double hydroxide compounds) (b), hematite (®¢) (c), and lepidocrocite (y-FeOOH) (d).
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2.2.2. Micro-Raman spectroscopy iron oxide phases based on the unique vibrational
bands associated with each crystalline phase.
2.2.2.1. Experimental details.Raman spectra were Fig. 7 presents Raman spectra from four separate

acquired on a Renishaw 1000 Raman microscope point analyses of iron grains taken from a laboratory-
system consisting of an Olympus microscope, a scale column reactq?3]. Although none of the spec-
spectrograph fitted with holographic filters, and a tra is representative of a pure mineral phase because
Peltier-cooled CCD detector. The 632.8nm line of a each spot analyzed contains a mixture of iron oxide
Melles Griot 35 mW HeNe laser was used for excita- precipitates, each spectrum reveals the presence of a
tion. The focused laser spot size was approximately unique iron oxide phase within the probed volume.
2pm in diameter. These can be assigned based on the position and rel-
ative intensity of the lines observed in the spectrum
2.2.2.2. Micro-Raman spectroscopy for oxida- [74-76]. Specifically, goethite (a-FeOOH) is observed
tion product identification. As mentioned in in Fig. 7(a), green rust (mixed valence Fe(ll)-Fe(lll)
Section 2.1.1.4, the formation of oxides on iron layered double hydroxide compounds) kig. 7(b),
particles can have a significant impact on reductive hematite (a-FgOs) in Fig. 7(c), and lepidocrocite
dehalogenation by bimetallic particl¢s5,60]. It has (y-FeOOH) inFig. 7(d). These spectra illustrate the
also been speculated that semiconducting iron oxideslarge variety of iron oxide phases formed as a result of
may play a role in organohalide reduction by gran- the oxidation of the metal surface in a column reactor.
ular iron [50,72]. For these reasons, identification
of the specific iron oxide phases present on the sur- 2.3. Atomic force microscopy (AFM)
face may be important in understanding the factors
controlling longevity of permeable reactive barriers. Atomic force microscopy uses the interatomic
Micro-Raman spectroscopy has the ability to identify forces between a cantilever-mounted tip and the

Fig. 8. AFM contact-mode force image of a pyrite (100) surface. The image corresponds fona>380um area of the surface.
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sample surface to map out the topography of a sur- but rather is composed of a series of terraces separated
face[77]. Although this technique provides no means by steps. Previous studies of the electronic structure
for chemical contrast or identification, it provides of the pyrite (1 00) surface by scanning tunneling mi-
morphological information on length scales that can croscopy (STM) have suggested that step edges may
approach atomic resolution. Consequently, structural be sites of enhanced conductivity, which could affect
changes accompanying surface reaction (e.g. oxida- pyrite redox reactivity78]. If step edges or other sur-

tion) can be examined. face sites of higher reactivity are primarily responsible
for reduction of organohalide species in solution, an
2.3.1. Experimental details examination of the morphological changes in the sur-

AFM images were acquired in contact mode on a face after exposure may offer clues about the nature
Burleigh Metris 2000NC atomic force microscope us- of the reactive sites.
ing a Si probe with a 1:1 conical tip (radius of ap-
proximately 100 A). The resonant frequency of the tip 2.4. UHV-coupled liquid cell for investigations of
was approximately 15 kHz with a nominal stiffness of pyrite reactive sites
0.1-0.34 N/m. A three-point plane removal filter was

performed on each image prior to analysis. All of the techniques mentioned above provide in-
formation about the nature of the reductant surface

2.3.2. AFM for characterization of surface that is complementary to the traditional solution-phase

morphology analysis of the organohalide and its dehalogenation

The (1 00) surface of a pyrite single crystal is shown products for kinetic or mechanistic investigations. One
in Fig. 8. This natural surface is not atomically smooth, limitation of these surface techniques, however, is the

<+—Bellows

Sample Transfer
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Analysis 4+ Coupled Transfer
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h Vertical Sample
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Gate Valv ’ ‘
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Electrode
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Electrode
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Eﬁ Inlet/Outlet
Sample . f
(Working Electrode) Stir Bar

Fig. 9. Schematic of the UHV-coupled liquid cell. The sample can be transferred between the reaction solution and the UHV analysis
chamber without exposure to atmospheric oxygen. An overpressure ofdihtains the anoxic environment during reaction. The vertical
transfer arm is electrically isolated, which allows the sample to be used as the working electrode in electrochemical experiments. Additional
ports provide access for reference and counter electrodes.
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ex situ nature of the analyses. In each case, the sample

is removed from (or returned to) the reaction medium

and is exposed to the atmosphere during the transfer.
This brings an added degree of uncertainty to the anal-
ysis because of the indeterminate effect of additional

oxidation by atmospheric oxygen and water and con-

tamination from background species.

One way to minimize this problem is to avoid ex-
posing the sample to the atmosphere during the trans-
fer to and from the surface analysis apparatus. Such a
system has been developed to explore the relationship
between surface composition and reactivity at the lig-
uid/solid interface. A schematic of the experimental
setup is illustrated irFig. 9. A glass reaction vessel
is coupled to an ultrahigh vacuum (UHV) chamber
containing an XPS analysis system and an ion gun.
When the system is open to the reaction vessel, the
high-pressure side of the vacuum system is backfilled
with nitrogen. The solution is deoxygenated prior
to initiation of the reaction, and an overpressure of
nitrogen in the reaction vessel maintains an anoxic
environment throughout the course of the reaction. To
perform a surface analysis, the sample is pulled up
into the chamber, the gate valve to the reaction vessel
is closed, and the high-pressure side of the vacuum
system is pumped down by means of a combination of
a membrane pump, sorption pump, and turbomolecu-
lar pump. The sample can then be transferred into the
UHV environment for surface analysis. The sample
may be moved back and forth between the reaction

M.M. McGuire et al./Analytica Chimica Acta 496 (2003) 301-313

600

500 -

w P
o o
o o
s

(pmoles/cmz)

200 +

100 -

dechlorination product

100 200

Time (hours)

300 400

160

(pmoles/cm?)

dechlorination product

20

40 60 80

Time (hours)
Fig. 10. Concentration of dehalogenation product over time upon
exposure of an aqueous solution of alachlor to a natural pyrite

(100) surface (a) and a surface with a significant number of
sulfur-vacancy defect sites (b).

aliquots were removed over a period of days while the

vessel and analysis chamber as often as desired with-sample reacted. The appearance of the dechlorination

out ever exposing the sample to the atmosphere. This

product, 2,6-diethyl-N-(methoxymethyl)acetanilide

approach also can be used to prepare model surfacegdeschloroalachlor), was measured by gas chromato-

in the analysis chamber and to study their subsequent
reactivity towards chlorocarbons in solution.

The experimental apparatus described above was
used to investigate the effect of pyrite surface compo-
sition on the dechlorination reaction of the herbicide
alachlor (2-chloro-26'-diethyl-N-(methoxymethyl)-
acetanilide). The UHV-coupled reaction vessel per-
mitted creation of different surfaces with an *Ar
ion gun, characterization of the surface with XPS
(seeFig. 5), and transfer of the sample to the reac-
tion vessel containing the alachlor solution without
introduction of atmospheric oxygen or water.

The natural and sputtered pyrite samples corre-
sponding to the XPS spectra Iig. 5 were each
transferred in turn to the reaction vessel and solution

graphy—mass spectrometry (GC-MS). The concen-
tration of deschloroalachlor as a function of time is
plotted inFig. 10for each of the pyrite surfaces. As
can be seen from the shape of these curves, the two
surface compositions result in very different dechlo-
rination kinetics. The natural surface (Fig. 10(a)) ex-
hibits a decrease in reaction rate as a limited number of
sites appear to become depleted over the course of the
reaction. In contrast, the sputtered sample (Fig. 10(b))
exhibits an initial induction period at the beginning of
the reaction, during which very little dechlorination

is observed. That the monosulfide defects created by
the sputtering process are consumed in the presence
of water over a length of time equivalent to the in-
duction period, together with the data presented in
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Fig. 10, suggests that these defects are not the sitesMolecular Science (CRAEMS) initiative of the NSF

responsible for the dechlorination of alach[ag].

Current studies in our laboratory also are employ-
ing the UHV-coupled liquid cell in studies of the
adsorption kinetics of silica, while future studies will
combine electrochemical studies of chlorocarbon re-
duction in the cell with surface characterization. Thus,
the UHV-coupled reaction vessel makes possible
the union of traditional solution phase analysis and
modern surface analytical techniques. Experiments
such as the pyrite reactivity studies described above
illustrate how information from both halves of the
solid—solution interface can be brought together to
more fully understand environmentally relevant redox
processes.

3. Conclusions

All the surface analytical techniques discussed here
are an integral component of our studies of reductive
dehalogenation. By combining the surface characteri-
zation of the reductant with measurements of the re-
action kinetics in the aqueous phase, this approach
allows us to examine the influence of initial compo-
sition on observed reactivity trends, monitor adsorp-
tion phenomena, and explore the relationship between
long-term performance of remediation technologies
and surface evolution. The utility of this approach
in our studies of the reactions of organohalides with

(grant #CHE0089168), the Environmental Protection
Agency (grants #R-82816401 and R-82877101-0-01),
the Strategic Environmental Research and Develop-
ment Program (SERDP) of the Department of Defense
(grant #DACA7299C008), and a National Science
Foundation Graduate Research Fellowship for DLC.
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