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Abstract—This study examines the reduction of oxime carbamate pesticides (oxamyl, methomyl, and
aldicarb) by F& in aqueous suspensions containing twelve different (hydr)oxide and aluminosilicate minerals.
In the absence of Fe mineral surfaces have no apparent effect on the pathways or rates of oxime carbamate
degradation. In anoxic suspensions containing &ed mineral surfaces, rates of oxime carbamate reduction

are significantly faster than in equivalent mineral-free homogeneous solutions. Rates increase with increasing
surface area loading (mineral surface area per volume of suspension) and pH. Kinetic trends are interpreted
in terms of changes in Hespeciation. Quantitative modeling indicates a first-order dependence on total
adsorbed P& concentration and no significant dependence on adsorbed oxime carbamate concentration.
Bimolecular rate constants describing the reactivity of adsorb&dafta dissolved oxamyl decrease in the
following order: silicon dioxide #2> silicon dioxide #1>> hematite #2> titanium dioxide #1> hematite

#1 > titanium dioxide #2> silicon dioxide #3> aluminum oxide> kaolinite #1> kaolinite #2> goethite

>> titanium dioxide #3. Possible factors responsible for the increased reactivity of adsotheasFeell as

for the relative reactivity of P& adsorbed on different surfaces, are discussed. Results from this study
demonstrate that mineral surfaces present in subsurface environments can substantially catalyze the reduction
of oxime carbamate pesticides by'F®©verall rates of pesticide degradation may be under predicted by

order of magnitude if the effects of mineral surfaces are not accounted @mpyright © 2003 Elsevier

Science Ltd

1. INTRODUCTION al., 2002). Surprisingly, little attention has been given to the
reduction of broader classes of agrochemicals.

The reductive transformation of agrochemicals and related L .
. ; . 9 : The reactivity of F& has been found to be heavily dependent
synthetic organic compounds in subsurface environments has . S
n its speciation (Stumm and Lee, 1961; Tamura et al., 1976;

been of increased interest in recent years. Soils, sediments and . ) R ;

aquifers are often found to be oxygen deficient (Hering and c?‘;g%r_opirslé’t z?gll’gg;a}u;irge; 2'6’ dlliigl %J Sl)ganfg gE élkls(?:g

Stumm, 1990; Postma et al., 1991). Reducing agents that are T N ! ’ ! y !
) dad 1998; Liger et al., 1999; Schultz and Gundl, 2000). Several

scarce in oxic environments (e.g.,"Faeduced sulfur com X T
pounds, reduced organic matter, obligate anaerobes) are ofterFtUd'eS have demonstrated that natural and synthetic mineral

found to be abundant in anoxic and suboxic settings (Lovley SUrfaces actas catalysts for reactions involving flamura et

and Phillips, 1988; Hering and Stumm, 1990; Postma et al., al., 1980; Klausen _et al., 1995; Cui and Eriksen, 1996; Buerge
1991; Stone et al., 1994: Bge et al., 1998). As a result, and Hug, 1999; Liger et aI.,_1999; Amonette et_al., 2000;
pathways and kinetics of agrochemical transformations in re- S¢hultz and Gundl, 2000; Vikesland and Valentine, 2002;
ducing environments are often quite different from those ob- Pecher etal., 2002). For example, Pecher et al. (2002) reported
served in oxygenated environments (Larson and Weber, 1994). that polyhalogenated methanes are unreactive withiféio-

Most laboratory and field studies examining the degradation Mgeneous solutions, but are rapidly reduced by ifeaque
of synthetic organic compounds in anoxic or suboxic environ- OUS suspensions of iron ox_ldes. The degree of surface catalysis
mental settings have not attempted to identify the specific observed for various reactions has been reported to depend on
reagents responsible for observed degradation (Tomizawa,? "ange of factors, including the identity of the mineral phase
1975: Walters-Echols and Lichtenstein, 1977; Hale et al., 1991; (€.g., goethite vs. lepidocrocite), mineral surface area, pH, and
Peijnenburg et al., 1992). Recently, however, several studies MOSt notably the concentration and speciation df &ésorbed
have attributed organic compound transformations in these On mineral surfaces. Mineral surfaces may exert a similar
settings to reduction by dissolved and particulate-bourttl Fe catalytic effect on the reduction of widely used agrochemicals.
(Heijman et al., 1993, 1995; Ruge et al., 1998). Laboratory This study examines the influence of mineral surfaces on the
studies have found that a variety of organic compounds, most reactivity of Fé¢' with three structurally related oxime carbam
notably nitrobenzenes and halogenated methanes, are reducedte pesticides (OCPs; Fig. 1). Prior studies in this series have
by Fd' (Wade and Castro, 1973; Schwarzenbach et al., 1990; examined the degradation of oxamyl and related OCPs in
Klausen et al., 1995; Erbs et al., 1999; Amonette et al., 2000; homogeneous solutions containing"Fend the influence of
Cervini-Silva et al., 2000; Schultz and Gundl, 2000; Pecher et Fe'-complexing inorganic and organic ligands on reaction ki

netics (Strathmann and Stone, 2001, 2002a, 2002b).
* Author to whom correspondence should be addressed, at the Depart Figure 2 illustrates the observed pathways for oxamyl deg-
ment of Civil and EnviroF;]mentaI Engineering, Universit’y of IIIinoisp, radation in FE-containing solutions (Bromilow et al., 1986;

Newmark Civil Engineering Laboratory, 205 North Mathews Avenue, Strathmann and Stone, 2001). An"Fedependent E1cb elim
Urbana, IL 61801, USA (strthmnn@uiuc.edu). ination reaction results in the formation of an oxime product
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Fig. 1. Oxime carbamate pesticides.
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Fig. 2. Observed pathways for abiotic oxamyl degradation in the
presence of Fe''. Adapted from Bromilow et al. (1986) and Strathmann
and Stone (2001).

(DMTO), methylamine, and CO,. Rates of oxamyl elimination
are proportional to [OH™] and independent of Fe'' concentra-
tion or speciation (Strathmann and Stone, 2002a). A net two-
electron reduction of oxamyl, occurring in paralel with the
elimination reaction, can be coupled with the one-electron
oxidation of two Fe'' ions. The products of oxamyl reduction
include a nitrile (DMCF), methanethiol, methylamine, and
CO.. Details of the corresponding reduction and elimination
pathways for methomyl and adicarb are provided elsewhere
(Bank and Tyrell, 1984; Bromilow et al., 1986; Strathmann and
Stone, 2001).

Dissolved inorganic and organic ligands dramatically affect
the kinetics of OCP reduction, but have no effect on OCP
eimination (Strathmann and Stone, 2002a, 2002b). Reduction
rates varied by nearly 6 orders of magnitude under conditions
examined, and kinetics were found to be related to Fe'' specia-
tion by the following expression:

keea = [FE'T Y ki (@

where k.o (h™?) is the pseudo first-order rate constant for OCP
reduction by an excess concentration of Fe'', [Fe'"] is the total
dissolved Fe'' concentration, and k; and «; are the bimolecular
rate constant (m~* h™?) and fractional concentration of each
Fe'' species, respectively (Strathmann and Stone, 2002a,
2002b). In general, F€'' complexation by Fe''-stabilizing li-
gands leads to significant increases in the rates of OCP reduc-
tion. A linear free energy relationship (LFER) is observed
between log k; and standard one-electron reduction potentials
of corresponding Fe'''/Fe" redox couples (E.° in volts)
(Strathmann and Stone, 2002b). Fe'' speciesin which five or six
coordination positions are occupied by the complexing ligand
(e.g., FE'EDTA?") are an exception to this relationship; log k.
values are significantly lower than those predicted by the
LFER, which can be interpreted as interference with an inner-
sphere OCP reduction pathway (Strathmann and Stone, 2002b).
OCPs are predicted to be present as neutral nonionic species
throughout the pH range studied (Strathmann and Stone,
2002a), and no effect of OCP speciation was observed.

We expect that mineral surfaces present in soil and aquifer
material affect OCP reduction kinetics by influencing Fe'"
speciation in a similar manner as solution-phase ligands. Rapid
reduction of OCPs has been observed in Fe(OH),(s) suspen-
sions (Strathmann and Stone, 2002a) and in suboxic soil sus-
pensions containing Fe'' (Bromilow et al., 1986; Dean et al.,
2000; Warren et al., 2000). However, the speciation of Fe'' in
these systems is unclear, rendering it difficult to determine
which constituents and/or Fe'' species are responsible for OCP
reduction.

This study examines the reduction of OCPs in suspensions
containing Fe'' and well-defined mineral phases. Minerals se-
lected for this study represent a range of surfaces encountered
in soils and groundwater. Many of them have been utilized in
previous low-temperature geochemical studies. Properties of
the mineral phases vary considerably (e.g., bulk crystal struc-
ture, surface metal identity, specific surface area, acid-base
characteristics). By measuring kinetics as a function of surface
identity, surface arealoading, pH, and extent of Fe'' adsorption,
we are able to assess the influence of these factors on OCP
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reduction. As with our previous work, emphasis is placed on
correlating observed reaction rates with Fe'' speciation. By
doing so, we are able to compare the reactivity of Fe'' adsorbed
on different surfaces with the reactivity of solution-phase Fe'
Species.

2. MATERIALS AND METHODS
2.1. Experimental Setup

Because strict oxygen exclusion was required, all experiments were
carried out inside a controlled-atmosphere glove box (95% N,, 5% H,;
Pd catalyst; Coy Laboratory Products, Grass Lake, M) using distilled,
deionized water (DDW) with resistivity of 18 MQ-cm (Millipore
Corp., Milford, MA). Before use, DDW was autoclaved and then
sparged (>3 h/L) with ultra-high purity nitrogen (5.0 grade; BOC
gases, Baltimore, MD) before and immediately after being placed in the
glovebox. Stock mineral suspensions were de-oxygenated by thorough
sparging with ultra-high purity nitrogen. All salt and buffer solutions
were prepared in deoxygenated DDW and were filtered (0.22-um
Millipore Millex-GS) before use. Stock solutions of Fe'' were prepared
and calibrated as previously described (Strathmann and Stone, 2001).
All glassware/plasticware was soaked in concentrated HNO; and rinsed
several times with DDW before use. Glassware/plasticware having
prior contact with iron-containing solutions was aso soaked in a
mixture of ascorbic acid and oxalic acid before soaking in HNO;.

2.2. Chemical Reagents

All chemicals were of the highest purity available. Oxamyl, metho-
myl, oxamyl oxime, methomyl oxime, and N,N-dimethyl-1-cyanofor-
mamide (DM CF) were provided by DuPont Crop Protection (Wilming-
ton, DE). Aldicarb was provided by Rhoéne-Poulenc Agriculture
Limited (Essex, England). FeCl, - 4H,0, FeCl; - 6H,0, NaCl, NaClO,,
NaOH, sodium acetate (buffer; pK, = 4.75), 2-(N-morpholino)ethane-
sulfonic acid monohydrate (MES buffer; pK, = 6.1)and 3-(2-Pyridyl)-
5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine monosodium salt mono-
hydrate (Ferrozine colorimetric reagent) were purchased from Aldrich
Chemical (Milwaukee, WI). Acetic acid and 3-(N-morpholino)pro-
panesulfonic acid (MOPS buffer; pK, = 7.2) were obtained from
Sigma Chemical (St. Louis, MO). Acetonitrile, methanol, acetic acid,
HNO,, HCIO, and HCI were purchased from J. T. Baker (Phillipsburg,
NJ).

2.3. Mineral Phases

Nine synthetic and three naturally-occurring mineral phases were
used in this study. These phases have previously been used in studies
examining a wide range of mineral/water interfacial phenomena (e.g.,
Davies and Morgan, 1989; Nowack et a., 1996; Buerge and Hug,
1999). All synthetic minerals obtained from outside sources were
reported to be high purity by the manufacturers. Aluminum oxide
(y-AlOg; type Alumina-C), silicon dioxide #1 (amorphous fumed
silica, type Aerosil OX50), silicon dioxide #2 (amorphous fumed silica,
type Aerosil 200), and titanium dioxide #1 (type P-25) were provided
by Degussa (Frankfurt, Germany). Titanium dioxide #2 was obtained
from TiOxide (Cleveland, England). Titanium dioxide #3 was obtained
from Alfa Aesar (Ward Hill, MA). Kaolinite #1 (KGa-2) and kaolinite
#2 (KGa-1B), both originating from natural deposits in Georgia, were
purchased from the Clay Mineral Society’s Source Clay Repository
(Columbia, MO). Silicon dioxide #3 (ground quartz, Min-U-Sil 5) was
obtained from U.S. Silica (Berkeley Springs, WV). Aluminum oxides,
silicon dioxides, titanium dioxides, and kaolinites were used as re-
ceived; they were stored in powder form at 110°C before preparation of
aqueous suspensions. Hematite #1 was prepared for this study accord-
ing to a procedure outlined in Penn et a. (2001). Hematite #2 and
goethite were prepared by the procedures described by Vasudevan and
Stone (1998). The iron (hydr)oxides were then stored in agueous
suspension before use. Suspensions of hematite #2 and goethite were
aged for ~5 yr at 4°C in darkness before their use in this study. To
ensure complete hydration of mineral surfaces, agueous stock suspen-

sions of al other mineral phases were prepared at least 1 d before their
use in kinetic and adsorption experiments.

2.4. Mineral Characterization

The bulk crystal structures of the mineral phases were assessed by
powder X-ray diffraction (XRD). XRD analysis was performed on a
Philips diffractometer (XRG 3100 X-ray generator) utilizing CuKa
radiation. Minerals were identified by comparing diffraction patterns
with alibrary of standard mineral phases (Jade XRD, Livermore, CA).

The particle size and morphology of selected mineral phases were
assessed using transmission electron microscopy (TEM). TEM analysis
was carried out using Philips 420T and Philips CM300FEG transmis-
sion electron microscopes. TEM analysis of most minerals used here
were reported in a prior study (Vasudevan and Stone, 1998). TEM
analysis of goethite and hematite #1 were carried out in this study.
Images of hematite #1 and goethite are provided elsewhere (Penn et a.,
2001; Strathmann, 2001).

The specific surface area (m? g™) of each mineral was determined
by five-point B.E.T. analysis (Fridrikhsberg, 1986) of N, adsorption on
powdered samples a 77 K (SA 3100 analyzer; Beckman-Coulter,
Miami, FL). Powdered iron oxide samples were obtained by freeze-
drying agueous suspensions.

2.5. Kinetic Experiments

OCP degradation experiments were performed in 250-mL polypro-
pylene containers. Reaction suspensions were prepared by mixing
together appropriate pH buffer, NaCl, particulate mineral phase, and
FeCl, from de-oxygenated aqueous stock solutions. After equilibrating
the resulting suspensions overnight, a small volume of OCP was added
from a de-oxygenated aqueous stock solution to initiate each reaction.
Theinitial OCP concentration was 25 umol/L, and the initial total Fe''
concentration was 0.5 mmol/L in al reactions. lonic strength was ~100
mmol/L for most reactions; only small differences in kinetics were
observed at lower ionic strength (5 mmol/L). All reactions were carried
out a pH < 7.5 to maintain undersaturation with respect to the
thermodynamic solubility product for Fe(OH),(s) reported by Feit-
knecht and Schindler (1963). Although surface-induced precipitation of
Fe(OH),(s) or similar phases cannot be ruled out, the likelihood of
surface-induced precipitation was minimized by utilizing short pre-
equilibration times (~12 h) and maintaining Fe"' surface coverages
(ratio of adsorbed Fe'' concentration to estimated concentration of
surface sites) well under monolayer coverage.

Sealed reactors were continuously mixed under darkness in a con-
stant temperature circulating water bath (25.0 = 0.1°C) within the
glovebox. Special care was taken to ensure that mineral particles were
uniformly suspended in solution during each reaction. Reactions were
typically monitored for three half-lives. At least five, but in most cases
several more, aliquots of suspension were collected for analysis at
approximately equal timeintervals. To quench the reactions, aliquots of
suspension were filtered to remove mineral particles and adsorbed Fe'!
(0.22-pm Millipore Millex-GS), passed through a cation exchange
resin to remove dissolved Fe'' (OnGuard-H; Dionex, Sunnyvale, CA),
and acidified with HCI to inhibit the OH ™ -catalyzed Elcb elimination
reaction (Fig. 2). The aqueous-phase concentration of the OCPs and
their transformation products were then determined by HPLC analysis
using methods described previously (Strathmann and Stone, 2001,
2002b). The suspension pH was measured periodically during the
course of each reaction (Fisher Accumet 825MP meter with Orion
combination semimicro probe; NIST standard buffers); these measure-
ments demonstrated that pH was stable to within 0.05 units.

Fe''-free control experiments were conducted for each mineral phase
to account for any non-reductive loss processes (e.g., OCP adsorption,
mineral-catalyzed elimination). In a prior study, rates of OCP degra-
dation in homogeneous solution were measured using the same exper-
imental setup (Strathmann and Stone, 2002a); these reactions served as
mineral-free controls.

2.6. Fe'' and OCP Adsorption

The extent of Fe'' adsorption onto mineral surfaces was measured in
batch reactors of the same solution composition used in kinetic exper-
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iments (without OCPs present). Samples were alowed to equilibrate
overnight, the same amount of time that kinetic batch reactors were
allowed to equilibrate before adding the OCPs. Aliquots of each sus-
pension were then collected by syringe and passed through a series of
two filters (0.22-um Millipore Millex-GS filter + 0.02-um Anatop
25-Plus inorganic membrane filter; Whatman Scientific, Maidstone,
England). An excess of buffered (pH 7.0) ferrozine colorimetric re-
agent was then added to the filtrate, and dissolved Fe'' concentration
was determined spectrophotometrically at 562 nm (UV-160; Shimadzu,
Kyoto, Japan) (Stookey, 1970). Adsorbed Fe'' concentration was then
calculated by difference.

With the exception of the aluminum oxide suspensions, adsorbed
Fe'' could be completely recovered from mineral surfaces by acidifying
suspensions to pH 1 with HCI. This confirmed that the decrease in
dissolved Fe'' measured in above experiments is due solely to revers-
ible adsorption processes, and that non-reversible Fe'' adsorption
and/or Fe'' oxidation by solution constituents (other than OCPs) is
negligible.

In repeated experiments, a significant fraction of measured Fe'
adsorption onto aluminum oxide surfaces (~20% of total Fe'') could
not be recovered by either acidification or addition of the chelating
agent EDTA. Extreme care was taken to ensure O, exclusion from our
experimental setup, so we do not believe that Fe'' oxidation by O,
contamination is responsible for incomplete recovery of Fe'' in alumi-
num oxide suspensions. Incomplete recovery of adsorbed metal ionsis
commonly attributed to rapid adsorption onto exterior oxide surfaces
followed by slow diffusion of metal ionsinto internal binding sites and
fixation at positions within the oxide particles (Bruemmer et al., 1988;
Coughlin and Stone, 1995). Others have attributed incomplete recovery
of adsorbed metal ions to the formation of new insoluble phases that
incorporate the adsorbing metal ion (Jeon et al., 2001).

Experiments were also carried out to assess the extent of OCP
adsorption onto mineral surfaces. Twenty-five umol/L of each OCP
was added to 5 g L ~* Fe''-free suspensions of each mineral (25°C, pH
5.5, 25 mmol/L MES, 100 mmol/L NaCl). After equilibrating for 1 h,
samples were collected by syringe and filtered in the same manner as
in Fe'' adsorption experiments. The filtrate was then examined by
HPLC, and the extent of OCP adsorption was calculated by comparing
filtrate concentrations with a mineral-free control. These experiments
indicate minimal adsorption of OCPs (<5% of total) under the condi-
tions examined here.

2.7. Kinetic Data Analysis

Kinetic data were analyzed using the software package Scientist for
Windows (v. 2.01, Micromath, Salt Lake City, UT). Pseudo first-order
rate constants for OCP breakdown via reduction (K5, h™?) and the
parallel OH™ -catalyzed elimination reaction (Ky;,, h™*) were deter-
mined for individual batch reactions as described previously (Strath-
mann and Stone, 2001). Numerically integrated solutionsto a system of
differential rate expressions:

d[OCP]
dt = (kred + ke“m)[OCP] (2)
d[Nitrile Reduction Product]
5 = ko OCP) ©)
t
d[Oxime Elimination Product]
= Keiim[OCPI 4

dt

were fit (method of least squares) to experimental data for both parent
OCP loss and reaction product appearance. By fitting product formation
data simultaneously with parent compound loss data, we are better able
to assess the importance of each reaction pathway to overal OCP
degradation. For most reactions monitored in this study, Kyim << Kieq,
hence the elimination pathway can be ignored when analyzing kinetics.
For adicarb, degradation products were not identified; values of K,
were calculated as the difference between pseudo first-order rate con-
stants for aldicarb 10ss (Kgps = Keq + Kaim) Measured in the presence
and absence of Fe'', respectively. Only pseudo first-order rate constants
> 7.0 X 1075 h™?* can be reliably calculated using our experimental
approach and data analysis methods.

Table 1. Characteristics of minera particles.

BET surface
Mineral Structural formula®  area (m? g™ pHypc
Hematite #1 a-Fe,05 64.5 8.5°
Hematite #2 a-Fe,05 80.1 8.5°
Goethite a-FeOOH 48.0 8.5°
Titanium dioxide #1  TiO, (anatase/rutile) 39.5¢ 6.3
Titanium dioxide #2 TiO, (rutile) 359 6.19
Titanium dioxide #3 TiO, (anatase) 8.9¢ 6.3
Kaolinite #1 A1,Si,04OH),° 19.9 4.9°
Kaolinite #2 AlLSi,O5(OH),° 11.3 5.1°
Aluminum oxide v-AlL0.° 90.14 7.8"
Silicon dioxide#1  SiO, (amorphous) 47.6 24
Silicon dioxide #2  SiO, (amorphous) 208 24
Silicon dioxide #3 ~ SiO, (ground quartz) 49 2.4

2 Determined by powder x-ray diffraction.
b Sutheimer et al. (1999).

¢ Kummert and Stumm (1980).
dVasudevan and Stone (1998).

€Liger et a. (1999).

fTorrents (1992).

9 Hayes et al. (1991).

" Nowack et al. (1996).

'Young (1982).

Scientist was also used to calculate the bimolecular rate constants
(m~*h™1) for oxamyl reduction by Fe' adsorbed onto different mineral
surfaces. Experimental kinetic and adsorption data were fit (method of
least sguares) by an expanded form of Egn. 1 that includes both
dissolved and adsorbed Fe'' species (Eqn. 8, discussed below). For
model fitting purposes, rate constants for oxamyl reduction by dis-
solved Fe'' species (eq., F&#*, FE{OH],") were fixed at the values
determined from a previous analysis of Fe'' reactivity in mineral-free
solutions (Strathmann and Stone, 2002a).

3. RESULTS AND DISCUSSION

3.1. Mineral Characterization

Selected properties of the minera phases examined in this
study are listed in Table 1. The mineral phases are built from
four different metal ions that are abundant in soil: Fe'!, Ti'V,
Al"' and Si'V. The particles exhibit a wide range of crystal
structures, B.E.T. surface areas (3.5-208 m? g~1) and surface
acidities as measured by the pH of zero proton charge (pHpc:
2.4-8.5) (Kummert and Stumm, 1980; Young, 1982; Liang,
1988; Davies and Morgan, 1989; Hayes et al., 1991; Torrents,
1992; Vasudevan and Stone, 1998; Sutheimer et a., 1999).
Nine of the mineral phases are synthetic and three originate
from natural formations (kaolinites #1 and #2, and SiO, #3).

The minerals also exhibit a wide range in particle morphol-
ogy and size. TEM analysis indicates that hematites #1 and #2
are indistinguishable; both are well-defined crystalline phases
and consist of isometric particles of size 20 to 25 nm that form
by oriented aggregation of smaller primary particles (Penn et
a., 2001). Goethite is a well-defined crystalline phase and
consists of prismatic acircular crystals that form parallel aggre-
gates of length 500 nm and width 100 nm. Titanium dioxides
#1 and #3 are well-defined crystalline phases and consist of
isometric/octahedral particles with diameters of 30 and 200 nm,
respectively (Vasudevan and Stone, 1998). Titanium dioxide
#2 consists of elongated and irregular-shaped prismatic parti-
clesthat form radial aggregates ~1 pm in size (Vasudevan and
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Stone, 1998). Aluminum oxide is a predominantly crystalline
phase and consists of isometric/hexagonal particles of diameter
20 nm (Vasudevan and Stone, 1998). Kaolinite #1 is a poorly-
defined crystalline phase and consists of rounded hexagonal
particles of diameter 450 nm and thickness 40 nm (Sutheimer
et a., 1999). Kaolinite #2 is a well-defined crystalline phase
and consists of hexagonal particles of diameter 800 nm and
thickness 60 nm (Sutheimer et al., 1999). Silicon dioxides #1
and #2 are X-ray amorphous phases and are reported by the
manufacturer to consist of non-porous spherical particles of
diameter 40 and 12 nm, respectively. Silicon dioxide #3 is
described by the supplier as consisting of fine-ground quartz
(confirmed by XRD) particles with mean diameter 1.6 um.

3.2. E1 cb Elimination Kinetics

In Fe''-free mineral suspensions, no OCP reduction is ob-
served. Instead, OCPs degrade solely via the established base-
catalyzed elimination pathway (E1lcb mechanism) illustrated in
Figure 2 for oxamyl (Hegarty and Frost, 1973; Huang, 1997,
Strathmann and Stone, 2001). Rates of OCP elimination mea-
sured in suspensions of each mineral phase are not significantly
different from rates measured in mineral-free solution at the
same pH (rates agree within a factor of 1.3) (Strathmann and
Stone, 2002a). Similarly, the presence of Fe'' does not signif-
icantly affect ky;,, measurements in either the absence or
presence of mineral phases. As a result, we conclude that the
mineral surfaces examined in this study do not significantly
catalyze or inhibit the E1cb elimination reactions of OCPs. This
contrasts with the findings of Zhang and co-workers (personal
communication), who observed significant catalysis of the ox-
amyl elimination in suspensions of iron-bearing smectite clays.
These investigators believe that the mechanism for catalysis
involves oxamy! reacting at interlayer regions within the smec-
tite structure; minerals examined in the present study do not
contain similar interlayer regions.

3.3. Oxamyl Reduction Kinetics

In solutions containing both Fe'' and mineral surfaces, rates
of oxamyl degradation are significantly faster than in the ab-
sence of either component. Reaction time courses observed in
mineral suspensions are similar to those reported for homoge-
neous solution containing Fe'"' (Bromilow et al., 1986; Strath-
mann and Stone, 2001). Oxamyl degradation follows pseudo
first-order kinetics, and results in the formation of both DMCF
(nitrile reduction product) and oxamyl oxime (E1 cb elimina-
tion product). These two products provide a good mass balance
(near 100% in all reactions monitored) for the amount of
oxamyl degraded. The good mass balance also demonstrates
that neither oxamy! nor its degradation products adsorb signif-
icantly to the mineral surfaces.

As anillustrative example, Figure 3 shows a time course for
oxamyl degradation in a suspension containing Fe'' and goe-
thite. The modé fits of both oxamyl loss and reaction product
formation demonstrate good agreement with the pseudo first-
order kinetic model that considers parallel reduction and elim-
ination reactions (Eqn. 2—4), as was reported in our earlier
studies on oxamyl degradation in homogenous solutions
(Strathmann and Stone, 2001, 20023, 2002b). For the model fits

= A NN
a O O O O,

Concentration (uM)

o

0 5 10 15 20 25
Time (hours)

Fig. 3. Time course for oxamyl degradation in the presence of 0.5
mmol/L Fe"' and 48 m? L~ goethite at pH 7.4 (25 mmol/L MOPS
buffer), 100 mmol/L NaCl, and 25°C. Symbols represent measured
concentrations of oxamyl (@), DMCF (m), oxamyl oxime (A), and
mass balance (®). Lines represent pseudo first-order model fit, using
Kreq = 8.45(+0.38) X 10 2h ™ * and kyjm = 9.18 (=1.83) X 10 °h™*.

shown, K. = 845 (+0.38) X 1072 h™* and ky;,, = 9.18
(£1.83) X 103 h~. This compares with k.o = 9.08 (=0.17)
X 1072 h™* and Ky;,,, = 8.72 (+0.17) X 10~3h™? determined
at the same pH in homogeneous solution containing the equiv-
alent concentration of Fe'' (uncertainty represents 95% confi-
dence limits). Hence, the addition of goethite significantly
catalyzes reduction, but not elimination. In fact, for most of the
minera phases examined, OCP reduction is so fast that elim-
ination products are not detected at all.

Several studies have pointed out that reactions involving Fe''
are markedly affected by changing the mineral surface area
loading (S, ; m? surface area per liter of solution) or suspen-
sion pH (Tamuraet a., 1980; Klausen et al., 1995; Buerge and
Hug, 1999; Liger et al., 1999; Amonette et al., 2000; Schultz
and Gundl, 2000; Vikesland and Valentine, 2002). Figure 4
illustrates that oxamyl reduction is also considerably affected
by these same factors. Figure 4A shows that rates of oxamyl
disappearance in suspensions of hematite #1 increase signifi-
cantly when the S,, increases while holding pH and total Fe''
concentration constant. Likewise, Figure 4B shows that rates of
oxamy! disappearance increase when suspension pH increases
while holding S,, and total Fe'' concentration constant. Again,
model fits indicate pseudo first-order kinetics is followed, and
with the exception of the hematite-free control, > 90% of
parent compound loss shown in the time courses is accounted
for by the formation of reduction product (i.e., K.q => Kyim)-

It is expected that the enhanced rates of oxamyl reduction
observed in mineral suspensions result from Fe'' adsorption
onto particle surfaces. The effects that hematite S,, and pH
have on the kinetics of oxamyl reduction follow the same
pattern generally reported for Fe'' adsorption onto metal (hydr)
oxide and aluminosilicate surfaces. That is, the extent of Fe''
adsorption (moles of Fe'' adsorbed per liter of suspension) onto
a given mineral surface increases with S,, and pH (Coughlin
and Stone, 1995; Klausen et al., 1995; Buerge and Hug, 1999;
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Fig. 4. Oxamyl reduction by 0.5 mmol/L F€" in the presence of
hematite #1 (a-Fe,O3): (A) Effect of varying surface arealoading (S, ,
m? L~ at pH 7.4, (B) effect of varying pH in the presence of 129 m?
L~ hematite. Symbols indicate measured concentrations and lines
indicate pseudo first-order model fits. Reaction conditions: 0.5 mmol/L
total Fe'', 25 wmol/L oxamyl, 25°C, 100 mmol/L NaCl, pH 4.6 to 7.4
(5 mmol/L acetate, 25 mmol/L MES, 25 mmol/L MOPS buffers), Sy,
=0t0323m?L" %

Liger et a., 1999; Vikesland and Vaentine, 2002), typical of
transition metal ions. Hydrated metal (hydr)oxide surfaces are
covered with various oxygen donor ligands (e.g., =S-OH) that
can bind meta ions in the same manner as dissolved oxygen
donor ligands (e.g., OH™, HCO,™, oxaate) (Stumm, 1992).
Increasing S,, affects Fe'' adsorption by increasing the total
concentration of surface-bound oxygen donor ligands (moles
per liter of suspension). Meanwhile, the effect of changing pH
on Fe'' adsorption can be traced to the competition between Fe''
and H* (or other metal ions) for the surface-bound oxygen
donor ligands (Stumm, 1992). As[H™] decreases with increas-
ing pH, the competition for surface-bound ligands shifts more
in favor of Fe'.

By analogy with solution-phase Fe'' complexes, we expect
minera surfaces to catalyze oxamyl reduction if surface-com-
plexed Fe'" species are kinetically more reactive than Fe**
Conversely, mineral surfaces will inhibit oxamyl reduction if
surface-complexed Fe'' species are kinetically less reactive
than Fe?* . The kinetic reactivity of surface-complexed Fe'
has often been attributed to the effect that surface complexation

has on the thermodynamics of the Fe'"'/Fe'' redox couple (We-
hrli et al., 1989; Buerge and Hug, 1999). This interpretation
follows from the observed relationship between the kinetic
reactivity of solution-phase Fe''-ligand complexes and the one-
electron reduction potential (E,°) of the corresponding Fe'"'-
ligand/Fe''-ligand redox couples (Buerge and Hug, 1998; King
and Farlow, 2000; Strathmann and Stone, 2002a, 2002b). That
said, minera surface catalysis of oxamyl reduction is likely to
involve other mechanisms in addition to the effect on E,,° (see
section 3.9).

3.4. Effect of Mineral Surface Area

A series of experiments were carried out to quantify Fe''
adsorption and k.4 for oxamyl as a function of S,, at pH 7.4
in suspensions of each mineral. Results of these experiments
are illustrated in Figures 5 and 6. The upper portion of each
panel shows the extent of Fe'' adsorption, and the lower portion
indicates the corresponding kinetic measurements. Initial total
Fe'' and oxamy! concentrations in kinetic experiments were 0.5
mmol/L and 25 umol/L, respectively. Solution conditions were
identical for Fe'' adsorption experiments, with the exception
that oxamyl was excluded. Therangein S,, examined for each
mineral varied because of difficulty filtering high S,, suspen-
sions of particular minerals (e.g., SIO, #3). For most minerals,
however, we examined mass loadings from 0to 10 g L.

For each mineral surface, Fe'' adsorption increases linearly
with increasing S,, until [Fe'']4 approaches [Fe'"],o, at
which point it plateaus off with further increases in S,, (note
the axis; these are not plotted in the same manner as Langmuir
adsorption isotherms). The maximum extent of Fe'' adsorption
varies considerably from one mineral surface to another. For
some surfaces, the extent of Fe'' adsorption reaches nearly
100% of added Fe' under conditions examined (both hema-
tites, goethite, TiO, #1, #3, and y-Al,O;). For other surfaces,
very little Fe'' adsorption is observed even at the highest S,,
examined (TiO, #2, SO, #1-#3, and kaolinite #1, #2). In fact,
because Fe'' adsorption onto the SiO, surfaces is extremely
wesk and proved difficult to measure reproducibly at the S,
conditions used in kinetic experiments, we chose to estimate
adsorption under these conditions by linear extrapolation from
the amount of Fe'' adsorbed in 50 g L ~* suspensions (estimates
indicated by dashed lines Figs. 6D—6F). A similar procedure
was used by Buerge and Hug (1999) to estimate Fe'' adsorption
onto SiO, #1 at conditions used in Cr¥' reduction experiments.

Kinetic measurements of oxamy! reduction in the mineral
suspensions (Figs. 5 and 6, lower portions of each panel) follow
the same general pattern as the extent of Fe'' adsorption. For
each mineral, ko4 increases with increasing S, , and for some
surfaces, k.. @pproachesamaximum at S,, values correspond-
ing to those where the extent of Fe'' adsorption approaches
[F€"];or The parallel trends support our hypothesis that surface
catalysis occurs as a result of Fe'' complexation by surface-
bound ligand donor groups.

The overall degree of surface catalysis varies considerably
from one surface to another. For example, even though the
extent of Fe'' adsorption increases from 0 to nearly 100% of
[F€", for al three iron (hydr)oxides, k.4 increases only
12-fold for goethite vs. 500-fold for the two hematite minerals.
Therefore, the reactivity of an equivalent concentration of
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Fig. 5. Extent of Fe' adsorption and pseudo first-order rate constant for oxamyl reduction, k.4, as afunction of S, in
suspensions of variousiron (hydr)oxide and titanium dioxide minerals. Symbols represent measured Fe'' adsorption (A) and
measured k.o, (®). Lines in lower panels indicate predicted values of k., using Eqn. 8 and the rate constants reported in
Table 2. Reaction conditions: pH 7.4 (25 mmol/L MOPS), 0.5 mmol/L total Fe"', 25 umol/L oxamyl, 25°C, 100 mmol/L

NaCl, 25 mmol/L MOPS.

adsorbed Fe'' with oxamyl varies with the identity of the
adsorbing mineral surface. Thisis not surprising given the wide
variation in reactivity observed for different solution-phase Fe'
complexes (Strathmann and Stone, 2002a, 2002b).

3.5. Effect of pH

The effect of changing pH on Fe'' adsorption and K. for
oxamy! was also examined for four mineral surfaces. Theinitial
Fe'' and oxamyl concentrations were the same as above. Re-

sults of these experiments are shown in Figure 7. As expected,
the degree of Fe'' adsorption is lowest under acidic conditions,
and increases significantly over a narrow pH range just below
neutral pH; the degree of adsorption goes from negligible to
nearly 100% in just 2 pH units. Similar Fe'' adsorption behav-
ior has been reported previoudly for both metal (hydr)oxides
and aluminosilicates (Coughlin and Stone, 1995; Klausen et al.,
1995; Liger et al., 1999; Jeon et al., 2001; Vikedand and
Valentine, 2002).
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Fig. 6. Extent of Fe'' adsorption and pseudo first-order rate constant for oxamy! reduction, K.y, as a function of the S,,
in suspensions of various kaolinite, aluminum oxide and silicon dioxide minerals. Symbols represent measured Fe''
adsorption (A) and measured k.., (®). Fe'' adsorption onto SiO, surfaces calculated by linear extrapolation from
measurementsin 50 g L ~* suspensions (indicated by dashed linesin upper panels). Linesin lower panels indicate predicted
values of K. using Egn. 8 and the rate constants reported in Table 2. Reaction conditions: pH 7.4 (25 mmol/L MOPS), 0.5
mmol/L total Fe", 25 umol/L oxamyl, 25°C, 100 mmol/L NaCl.

As with the variable-S,, experiments described above, ki-
netic measurements of oxamy! reduction qualitatively follow
the same general trend as the extent of Fe'' adsorption. Under
acidic conditions, k,.4 measured in the presence of each mineral
surface is indistinguishable from that measured in mineral-free
solutions of the same composition (~4.5 X 1072 h™%). AspH
increases, however, the rate of oxamyl reduction increases
significantly. For example, in the presence of 129 m? L~* of
hematite #1, k..o for oxamyl at pH 7.4 is nearly 600-fold higher
than the rate measured at pH 2.3. In comparison, k.4 only

increases twofold for the same pH change in minera-free
solution. Again, the parallel between the trends in Fe'' adsorp-
tion and oxamy!l reduction kinetics supports our hypothesis that
surface catalysis occurs as a result of Fe'' complexation by
surface-bound ligand donor groups.

3.6. Modeling Heterogeneous Oxamyl Reduction Kinetics

In mineral suspensions, we expect that oxamyl reduction
proceeds along severa parallel pathways, each reaction involv-
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ing a different combination of reactants present either in the
aqueous phase (aq) or adsorbed onto the mineral surface (ads).
For example, we found in homogeneous solution (no added
ligands present) that oxamyl,, reduction kinetics can be ade-
quately described by the reactions between oxamylaq and two
different Fe'' species, Fe**, and Fe(OH),°,,, (Strathmann and
Stone, 20024):

Fe,”" + oxamyl,, — products ; k; (59)

Fe(OH)3 4, + oxamyl,, — products ; k, (5b)
where k, and k, are the bimolecular rate constants (m~* h™?)
for reduction of oxamyl,, by Fe**, and Fe(OH),°,,, respec-
tively. Describing reaction kineticsin heterogeneous systemsis
inherently more complicated. Now, in addition to the two
reactions listed above, we must also consider reactions that
occur between two reactants present on the mineral surface
(adsorbed species), as well as reactions where one reactant is
adsorbed and one reactant is present in the overlying solution
phase. Even if we assume only a single adsorbed Fe'' species
and a single adsorbed oxamy! species, we now have to consider
the following additional reactions:

Fe'' s + oxamyl,, — products ; ks (5¢)
Fe?* o + oxamyl g — products ; k, (5d)
Fe(OH)3 o, + oxamyl 4 — products ; ks (5e)

Fé' 4 + oxamyl.g — products ; ke (5f)

The following rate expression for oxamyl reduction can then
be derived if we assume (1) that other pathways for oxamyl
degradation are negligible compared to reduction, (2) that the
adsorption/desorption and surface diffusion of reactants, inter-
mediates, and productsisrapid relative to electron transfer, and
(3) that the kinetics of individual reactions listed in Eqn. 5ato
5f exhibit first-order dependence on the concentration of each
reactant:

d[oxamy!I
—% = kl[Fez*]aq[oxarnyl]aq

+ ky[Fe(OH), ] [oxamyl] ., + ka[F€'lufoxamyl],,
+ Ky[F&* Tog[oxamyl] s + Ks[Fe(OH),] o[ oxamyl]
+ ke[F€'"] g oxamyl] g (6)

Eqgn. 6 is similar to expressions derived for other surface
catalyzed redox reactions (Deng and Stone, 1996; Buerge and
Hug, 1999). This expression can be simplified further if we are
ableto assumethat any of theindividual reactionslisted in Eqn.
5ato 5f are negligible. Experiments indicate that OCP adsorp-
tion onto minera surfaces is minimal under conditions exam-
ined in this study (i.e, < 5% of total pesticide adsorbed).
Hence, it may be feasible to neglect the contribution of reac-
tions involving adsorbed oxamy!l reacting with dissolved and
adsorbed Fe'' (Egn. 5d-5f). This simplifies Eqn. 6 to the
following expression:
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Table 2. Model-derived bimolecular rate constants for oxamy! react-
ing with Fe'' adsorbed onto selected mineral surfaces.®®

kemth™?t
Fe'' species (m™h
Fe’* (aq) 9.27 (+0.05)°
FeOH " (aq) <25 x 10%¢
Fe(OH),%(a0) 1.84(+0.11) X 107¢

Fe'!(ads, hematite #1)
Fe''(ads, hematite #2)
Fe''(ads, goethite)
Fe''(ads, TiO, #1)
Fe''(ads, TiO, #2)
Fe''(ads, TiO, #3)
Fe''(ads, kaolinite #1)
Fe''(ads, kaolinite #2)
Fe''(ads, y-Al,0y)
Fe''(ads, SO, #1)
Fe''(ads, SIO, #2)
Fe'(ads, SO, #3)

7.64 (+0.46) X 10°
1.07 (+0.16) x 10*
2.65(+0.26) X 10?
8.07 (+0.82) x 10°
4.89 (+1.14) X 10°
5.99 (+0.73) x 10
1.07 (+0.10) X 10°
7.25(+0.86) X 107
1.58 (+0.16) X 10°
7.27 (=0.85) x 10*
9.76 (+0.75) X 10*
3.07 (£0.50) x 10°

2 Uncertainties for rate constants represent 95% confidence limits.

b Rate constants reported for mineral surfaces represents the mean
sum reactivity of individual adsorbed Fe'' species.

¢ From Strathmann and Stone (2002a).

A _ | [Fe Lafoxamyil,

+ K[Fe(OH), |l oxamyl] + ko[ Fe'laaoxamyl]s  (7)

If total Fe'" is present in considerable excess of oxamyl, and
if we assume that Fe'' equilibria are maintained, then it follows
from Egn. 1 that the pseudo first-order rate constant for oxamyl
reduction can be described in terms of the fractional concen-
trations and bimolecular rate constants for dissolved oxamyl
reacting with Fe?™ ,, Fe(OH),%,, and Fe'' .

Krea = [F€"T(Kaotrea1) + Kottreomy, T KsOtreqas) 8

L east-squares model fits of Eqn. 8 to experimental data are
shown in Figures 5to 7. Model fits were carried out using k; as
the only adjustable fitting parameter. K 4 is measured, dgeians
is calculated from measured [Fe''],, by difference method,
Opgzry AN apgon), ae caculated from measured [Fe''],,
using appropriate stability constants (Martell et al., 1997), and
k, and k, are fixed at the values measured in eguivaent min-
eral-free solutions (Strathmann and Stone, 2002a). Values of k,
obtained from model fits are listed in Table 2.

In general, Eqn. 8 adequately describes oxamyl reduction
kinetics in mineral suspensions. Model fits agree closely with
kinetic measurements in suspensions of each mineral phase. It
is particularly noteworthy that a single value of k, is capable of
accounting for kinetic trends observed when varying S,, and
when varying suspension pH. Figure 8 illustrates the close
quantitative agreement between measured and model-predicted
kinetics. Perfect agreement is represented by the 1-to-1 line.
This plot clearly demonstrates that the majority of the model-
predicted rate constants are in good agreement with experimen-
tal measurements. Model predictions are notably higher than
measured values for a small number of points. However, most
of these occur for low-pH samples where the extent of Fe''
adsorption is minimal and difficult to measure accurately using

1 T T T
.
= H
g 0r o® at -
- A
1) o
3 LIS /%
® 4t ‘4 ]
o A
4 L[]
o °
8 2t :
A
1
1
-3 1 "l L
-3 -2 -1 0 1

logk, , (measured)

Fig. 8. Comparison of measured and model-predicted values of Kiqy.
Data from varied-S,, experiments (®) and data from varied-pH exper-
iments (A). Lineindicates a perfect 1-to-1 match between experimental
measurements and model predictions.

the difference method (see section 2.6); even small errors in
[Fe'"] s could cause these discrepancies at low pH.

The close agreement between the experimental results and
model predictions suggests that the kinetics of oxamyl reduc-
tion is dependent upon total adsorbed Fe'', rather than upon a
particular subfraction of adsorbed Fe'', which was reported for
reactions with nitrobenzenes and UV' (Charlet et al., 1998;
Liger et al., 1999; Schultz and Gundl, 2000). That is, all the
different Fe'' complexes that form on the surface of a given
mineral phase can be kinetically described by a single species
equal in concentration to the total adsorbed Fe'' (moles per liter
of suspension), and reacting with oxamyl,o according to the
bimolecular rate constant k;. Slight discrepancies between pre-
dicted and measured kinetics are observed in some suspensions,
most notably in variable-S,, experiments for goethite (Fig.
5C). This suggests that another kinetic model may be more
appropriate in selected systems.

3.7. Assessment of Model Assumptions

The model used to describe oxamyl reduction in mineral
suspensions assumes (1) that kinetics exhibit a first-order de-
pendence on the concentration of each dissolved Fe'' species
and afirst-order dependence on the total concentration of Fe''
adsorbed onto the surface of a particular mineral (moles per
liter of suspension), and (2) that the kinetic contribution of
reactions involving adsorbed oxamy! is negligible and can be
ignored (i.e., the last three terms in Eqn. 6 are much smaller
than the first three terms). The model makes no assumptions
regarding the structure of individual surface-complexed Fe''
species (i.e., mononuclear, binuclear, hydroxylated), the loca-
tion on the surface where Fe'' adsorption occurs (i.e., terrace,
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edge, kink sites), or Fe'' adsorption density (moles of adsorbed
Fe'' per mole of surface adsorption sites).

Previous studies on the kinetic reactivity of Fe'' in mineral
suspensions report conflicting kinetic dependencies with re-
spect to adsorbed Fe''. Buerge and Hug (1999) report that rates
of CrV' reduction at pH 5.0 exhibit a first-order dependence on
total adsorbed Fe'', while Amonette et al. (2000) report that
reduction of carbon tetrachloride exhibits a pH-independent
second-order dependence on total Fe'' adsorbed. Other studies
have reported a first-order dependence on the concentration of
a subfraction of adsorbed Fe'!, rather than total adsorbed Fe'
(Charlet et a., 1998; Liger et a., 1999; Schultz and Gundl,
2000). For example, surface complexation modeling results
reported by Charlet et al. (1998) indicate that Fe'' adsorption
onto magnetite (Fe;O,) surfaces can be described by invoking
two distinct stoichiometries, which they assign to mononuclear
monodentate surface complexes of Fe** and FeOH* (=S
OFe™ and =S-OFeOH®, respectively). When these results were
compared with kinetic trends for 4-chloronitrobenzene reduc-
tion in the same suspensions (Klausen et a., 1995), they found
a correlation between initial rates of reduction and concentra-
tions of =S-OFeOH®, rather than total adsorbed F€''. This
suggests that, for some oxidants, different species of adsorbed
Fe'' may exhibit markedly different reactivities.

According to Egn. 7, kinetics should exhibit a first-order
dependence on the concentration of each dissolved Fe'' species
(i.e, Fe#" and Fe(OH),° in our system) and a first-order
dependence on total adsorbed Fe'' concentration. To assess the
validity of the model, we need to first separate the kinetic
contribution of reactions that occur at the surface of the mineral
phases from those that occur in homogeneous agueous solution.
We can do this by dividing k.4 into a solution-reaction contribu-
tion (Kegsor h™") and a surface-reaction contribution (e st
h™:

kred,sol + kred,surf (9)

Previous studies in this series (Strathmann and Stone, 2001,
2002a) demonstrated that the kinetics of solution-phase reac-
tion exhibit first-order dependence on the concentrations of
individual dissolved Fe'' species. Consequently, we are able to
calculate Koy oo iN Mineral suspensions using measurements of
dissolved Fe'' concentration, equilibrium constants for the for-
mation of dissolved Fe(OH).°, and values of k, and k., deter-
mined in homogeneous solutions:

kred

Kreasol = [F€'l(Kiotrerary + Kattrerony2) (10

By difference we can then calculate Ko o, fOr €ach reaction.
This term can then be used to determine the kinetic dependence
of oxamy! reduction with respect to adsorbed Fe'' concentration
and assess the model assumptions.

Figure 9 shows log-log plots for Keq o (W) for oxamyl in
mineral suspensions, vs. total adsorbed Fe'' concentration. The
slopes of the log-log plots indicate the kinetic dependence of
the reaction on total adsorbed Fe''. Slopes for the minerals
examined range from 0.76 for goethite to 1.44 for SiO, #1. For
most mineral surfaces, however, slopes are consistent with an
assumed first-order dependence on total adsorbed Fe'' (i.e., a
slope = 1.0 iswithin the 95% confidence limit). Data from both
variable-S,, and variable-pH experiments also fit onto the

same plots, suggesting that pH-dependent changes in the
speciation of adsorbed Fe'' (as predicted by surface compl-
exation modeling (Liger et al., 1999) do not significantly
affect the observed reduction kinetics for oxamyl. For TiO,
#1 and y-Al,O,, there do appear to be some systematic
trends in the residuals that can be taken as evidence for
varying reactivity of different adsorbed Fe'' species on these
surfaces. Sensitivity analysis indicates that the calculated
slopes are particularly sensitive to low-end values of Koy g
in each plot, where errors associated with subtracting the
solution-reaction contribution, K. , iS N0t negligible. That
said, most of the reaction-order plots shown in Figure 9 do
not markedly conflict with the assumed first-order kinetic
dependence on total adsorbed Fe''.

The log-log plots shown in Figure 9 for a few of the mineral
phases (goethite, SIO, #1, #2) deviate somewhat from a slope
of unity (as measured by the 95% confidence intervals). The
calculated slope for goethiteis 0.76 = 0.08. The reduced slope
could be explained by an increased degree of particle aggrega
tion at higher S,, and pH (conditions where Fe'' adsorption is
greatest). If particle aggregation is significant, it can reduce the
fraction of adsorbed Fe'' that is exposed to bulk solution and
thus able to react with dissolved oxamyl. Aggregation of goe-
thite particles at high S,, could also help explain the deviation
of the model predictions from experimental observations under
these conditions (Fig. 5C, lower panel). If particles begin to
aggregate at high S, , increasesin [Fe''] 4 are counteracted to
some extent by increases in the degree of particle aggregation.
As a result, the concentration of “reactive’ adsorbed Fe'' be-
comes lower than total [Fe''],. It then follows that further
increasesin S,, have less of an effect on k. than on [Fe''] e
It isalso worth noting that TEM characterization of the goethite
particles shows a high degree of particle aggregation, but it is
unclear whether this same mode of aggregation occurs under
conditions examined in this study, or if it is Simply an artifact
of the TEM sample preparation procedure.

The log-log plots for SIO, #1 and #2 exhibit slopes that
are somewhat greater than unity. The most likely explana-
tion for this observation is that [Fe''] . is poorly defined in
the SiO,, suspensions. Fe'' adsorption onto SiO, surfaces is
extremely weak and difficult to measure accurately under
conditions used in kinetic experiments. As noted in section
3.4, the extent of Fe' adsorption was estimated by linear
extrapolation from adsorption measurements in 50 g L~*
suspensions of each SiO, mineral. These estimates assume
that the extent of Fe' adsorption increases linearly with
increasing S,,. Even small deviations from the assumed
linear dependence could then explain the increased slopes
observed in Figures 9J to 9K.

Kinetic trends shown in Figures 5 to 6 also support our
second assumption that the kinetic contribution of reactions
involving adsorbed oxamyl is negligible and can be ignored in
most cases (i.e., the last three termsin Egn. 6 are much smaller
than the first three terms). Because the extent of oxamyl ad-
sorption islow in al of our experiments (<5% of total oxamyl
added to suspensions) we can assume that the concentration of
adsorbed oxamyl exhibits a linear dependence on S, . If the
reactivity of adsorbed oxamyl with adsorbed Fe'' is much
greater than the reactivity of dissolved oxamyl with adsorbed
Fe'' (by orders of magnitude), and if we assume that oxamyl
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Fig. 9. Reaction-order plot for adsorbed Fe''. Koo represents the surface-catalyzed contribution to k o,. Data from
varied-S,, experiments (@) and data from varied-pH experiments (A). Lines indicate linear regression, and slopes indicate
observed reaction order with respect to total adsorbed Fe''. Uncertainty represents 95% confidence limit. When measured
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(measurement error ~5%).

adsorption/desorption and surface diffusion processes are fast
relative to the reaction with F€'', then we would expect overall
kinetics (as measured by K..4) to exhibit a second-order depen-
dence on S,, when [Fe'']c < [F€'"], (due to the expected
first-order dependence for both [oxamyl] s and [Fe'"] s under
these conditions) and a first-order dependence on S,; when
[Fe"] e approaches [Fe'"],, (due to an expected first-order
dependence for [oxamyl] .4 and near zero-order dependence for
[F€'"] 4 under these conditions). In contrast to this, overall
kinetics exhibit a near first-order dependence on S,, when the
extent of Fe'' adsorption is low, and less than first-order de-
pendence on S,, when [Fe''] approaches [Fe'"],,. Further-
more, the addition of 5 and 20% methanol (v/v) to hematite #1

suspensions, which might be expected to alter the extent of
oxamy! adsorption, has no effect on k... These results do not
imply that the reactivity of adsorbed oxamyl with Fe'' is lower
than the reactivity of dissolved oxamyl with Fe''. Instead, they
simply demonstrate that the contribution of adsorbed oxamyl to
overall reaction kinetics (last three terms in Eqn. 6) is minimal,
thus validating our second assumption.

It should also be mentioned than an alternative explanation
for the increased slopes in the log-log plots calculated for SO,
#1 and #2 (Figs. 93-9K) is the non-negligible contributions
from one or more of the last three terms in Egn. 6 (i.e,
reactions involving adsorbed oxamyl molecules reacting with
dissolved and adsorbed Fe'' species).
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3.8. Comparison of Mineral Surfaces

The ky values derived from model fits vary considerably
from one mineral phase to ancther, ranging from 5.99 x 10*
m~*h™*for TiO, #310 9.76 X 10° m~* h~*for SIO, #2. This
corresponds to 6- and 10,000-fold higher reactivity than
Fe?™ o FESPECtively. For the surfaces examined, k; decreasesin
the following order: SIO, #2 > SiO, #1 >> hematite #2 >
TiO, #1 > hematite #1 > TiO, #2 > SO, #3 > y-Al,0,; >
kaolinite #1 > kaolinite #2 > goethite >> TiO, #3. It should
be kept in mind, however, that the overall catalytic effect of a
given surface is equal to the product of ks times [Fe''] . For
example, even though k; obtained for the two synthetic SO,
surfaces are by far the highest, ~1 order of magnitude > kg
obtained for the TiO, #1 and the two hematite surfaces, overall
catalysis of oxamyl reduction is similar for all five surfaces
because Fe'' adsorbs to a much greater extent on TiO, #1 and
hematite surfaces.

In addition to variations in the reactivity of Fe'' adsorbed on
(hydr)oxides of different metals, our findings indicate large
variations in the reactivity of Fe'' adsorbed on (hydr)oxides
composed of the same metal. Therefore, the reactivity of ad-
sorbed Fe'' cannot be interpreted simply based on the identity
of the metal that comprises the adsorbing mineral surface. We
speculate that this is the rule, rather than the exception, for
reactions involving mineral surfaces. Unfortunately, though,
investigations are often limited to a small humber of mineral
surfaces, and too frequently generalizations are made about the
reactivity or catalytic activity of entire classes of minerals (e.g.,
TiO,) based upon results obtained with a single mineral prep-
aration (e.g., TiO, type P-25 supplied by Degussa).

Our results indicate that Fe'' adsorbed on two different
hematite surfaces exhibits similar reactivity with oxamyl, while
Fe'' adsorbed on goethite appears significantly less reactive.
Thisisin contrast to results of Buerge and Hug (1999) for the
reduction of Cr¥'. They report similar reactivity for Fe'' ad-
sorbed on goethite and |epidocrocite (y-FeOOH). Tamuraet a.
(1980) also report that Fe'' adsorbed onto goethite, Iepidocroc-
ite, and akaganéite (B-FeOOH) exhibit similar reactivity with
O,. However, they also report that Fe'' adsorbed onto amor-
phous Fe'"" (hydr)oxide is significantly more reactive towards
O, than Fe'' adsorbed onto the three crystalline FeOOH sur-
faces.

We daso found that ky varies considerably among the three
TiO, surfaces, and ky values are much higher for two synthetic
amorphous SiO,, surfaces (#1, #2) than for SO, #3, anaturally
occurring quartz silica. Finaly, k; is similar for both kaolinite
surfaces (dlightly higher for the poorly-crystalline form), and kg
for both of these naturaly-occurring aluminosilicates are
dlightly < kg for y-Al,O5 and SO, #3.

3.9. Interpreting Differencesin k,

Differences in the reactivity of Fe'' adsorbed on different
minera surfaces may be explained by several factors including
(1) the crystal structure, (2) the identity of Fe'' complexes that
predominate on a given surface, (3) the thermodynamics of the
Fe'''/Fe'" redox couple, (4) the thermodynamics and kinetics of
Fe''-oxamyl bond formation, and (5) associated geometric or
steric factors.

The chemistry of exposed surface functional groups is di-
rectly dependent upon the underlying crystal structure. The
geometric arrangement of oxygen donor ligands and surface
metal ions may be different for different crystal faces of the
same minera particle (e.g., (110) vs. (001) faces), and the
interaction between Fe'' and surface functional groups may
vary considerably from one crystal face to another. Conse-
quently Fe' reactivity may be significantly influenced by which
crystal face it adsorbs onto. It follows that if Fe'' adsorption
occurs on multiple crystal faces of the same mineral, the overall
observed reactivity will be a function of the distribution of
adsorbed Fe'' ions among crystal faces and the reactivity of Fe''
adsorbed on each crystal face of the mineral. One possible
reason, then, for the variation in reactivity observed for differ-
ent suspensions of the same minera (e.g., TiO, surfaces) is that
Fe'' reactivity varies significantly among crystal faces, and the
predominant crystal face where Fe'' adsorption occurs varies
among the minerals compared.

As mentioned aready, total adsorbed Fe'' represents an
ensemble of individual surface complexes that differ in severa
ways, including the dissolved metal species that adsorb (e.g.,
Fe*" . FEOH™',,), the mode of surface complexation (e.g.,
monodentate-mononuclear, bidentate-mononuclear, bidentate-
binuclear), and the location on the surface where adsorption
occurs (e.g., terrace, edge). It is likely that the reactivity of
individual Fe'' surface complexes with oxamy! differs, just as
the reactivity of dissolved Fe'' complexes differs (Strathmann
and Stone, 2002a, 2002b). If different species predominate on
different surfaces, then it follows that ks might be significantly
affected. For example, if (=S-0),-Fe° is a more reactive sur-
face complex than =S-O-Fe™, then the large difference in kg
observed among the iron (hydr)oxides could be accounted for
by a predominance of the former on hematite surfaces and the
latter on goethite surfaces.

In homogeneous solutions, we found that the reactivity of
different Fe''-ligand complexes (Fel) with oxamyl is related to
one-electron reduction potentials (E,,°) of corresponding Fe'"'/
Fe'' redox couples (FE"'L + e~ = Fe''L) (Strathmann and
Stone, 2002b). It follows that the reactivity of Fe'' surface
complexes with oxamyl might also be related to E,° of the

corresponding adsorbed redox couples (Fe¢''ys + € =

Fe' .o.

Unfortunately, reliable values of E.° are not available for
adsorbed Fe'''/Fe"" redox couples. Some studies have estimated
E,.° values for adsorbed Fe''/Fe' redox couples from extrap-
olation of linear free energy relationships (LFER) developed
for dissolved Fe'''/F€'' redox couples (Wehrli et al., 1989b
uerge and Hug, 1999):

logk; = mE,° + b (1)

where m and b are the dope and intercept of the LFER,
respectively. If we assume that the LFER for oxamyl reduction
by dissolved Fe'' species (m = 6.27 and b = 6.16) (Strathmann
and Stone, 2002b) applies to adsorbed Fe'' species as well, then
we can estimate E,,° for adsorbed Fe'''/Fe'' redox couples by
inserting the values of k; from Table 2 into Egn. 11. The
resulting LFER estimates of E,,° for adsorbed Fe'"'/Fe'' range
from +0.22 to +0.66 V (Fig. 10). These values lie between
En° for Fe* /Fe®t, (+0.77 V) and E,° for Fe(OH), "/
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Fig. 10. Estimates of E,° for adsorbed Fe''/Fe' redox couples
obtained by extrapolation from the LFER reported for dissolved Fe''
species reacting with oxamyl (Strathmann and Stone, 2002b), CrV!
(Buerge and Hug, 1999), and O, (Wehrli et al., 1989). Values of E.°
for dissolved species obtained as described previously (Strathmann and
Stone, 2002a).

Fe(OH),%, (—0.145 V). Figure 10 aso shows E.° values
estimated from a LFER for Cr¥' reduction (Buerge and Hug,
1999) and O, reduction (Wehrli et al., 1989). It is particularly
useful to compare the E,,° values for Fe'''/Fe'' adsorbed on
SiO, #1, because this surface is used in our study aswell asthe
work of Buerge and Hug (1999). E,,° estimated from oxamyl
kinetic data (+0.23 V) is significantly lower than the value
estimated from CrV' kinetic data (+0.42 V). Likewise, E.° for
Fe'''/Fe' adsorbed on goethite surfaces do not compare favor-
ably (+0.57 V from oxamyl reduction; +0.48 V from Cr"!
reduction). This comparison is less useful, however, because
the goethite preparations were different in each study. The
discrepancy between E,,° values determined from oxamyl and
CrV! kinetic data suggests that the utility of this sort of analysis
is limited. This is not surprising given that total adsorbed Fe''
represents an ensemble of different surface-complexed species,
and each speciesis likely to have a unique E,° that depends on
several factors, including (1) which Fe'' species is adsorbed
(e.g., FE", FeOH™), (2) the mode of bonding (e.g., monoden-
tate-mononuclear, bidentate-binuclear), and (3) the o- and
ar-donor characteristics of the surface-bound oxygen ligands at
a particular location on the surface. Furthermore, surface ca-
talysis of redox reactions involving Fe' is likely to involve
more than just changesin E,,°. Therefore, using solution-phase
LFERs (for reduction of oxamyl or any other oxidant) for
predicting E,,° of adsorbed Fe'"'/Fe'' redox couplesis question-
able.

Results from our work with solution-phase ligands indirectly
suggest that the formation of weak inner-sphere Fe''-oxamyl
precursor complexes leads to elevated rates of OCP reduction,
and that bidentate coordination in the precursor complex en-
hances reaction kinetics more than monodentate coordination
(Strathmann and Stone, 2002b). Oxamyl coordination to ad-
sorbed Fe'' species could beimportant aswell, and it is possible
that some surfaces favor bidentate Fe''-oxamyl coordination,
while other surfaces favor monodentate coordination. For ex-
ample, one could imagine that bidentate Fe''-oxamy! coordina-
tion might be inhibited on a particular surface if neighboring
surface sites are located such that they create unfavorable
electronic or steric interactions with a bidentate-coordinated
oxamyl molecule. Unfortunately, we are unable to characterize
either the oxamyl complexes with adsorbed Fe'', or the neigh-
boring surface site population surrounding the Fe'' surface
complexes.

Lastly, values of k; may be affected by geometric factors.
For example, some Fe'' adsorption sites, such as those on the
bottom of small pits present on mineral terraces, will not be
readily accessible by the large oxamyl molecule. Likewise,
some mineral phases may aggregate more than others, and a
significant fraction of adsorbed Fe'' could end up in the aggre-
gate interior whereit is physically unavailable for reaction with
oxamyl. Hence, even if the inherent reactivity of adsorbed Fe''
is similar for all surfaces, geometric factors could lead to
diminished values of k; for some heavily aggregated mineral
suspensions.

Ultimately, our interpretation of the reactivity of Fe'' ad-
sorbed on different surfaces is limited by our current under-
standing of the mineral-water interface on the molecular length
scale. Surface chemical information on scales of a few bond
lengths or less is most relevant for assessing chemical reactiv-
ity. This would include information on the spatial distribution
of adsorption sites, characteristics of different types of adsorp-
tion sites (e.g., terrace, edge, kink), metal-to-metal distancesin
the near-surface structure, and structures of different Fe'' sur-
face complexes, aswell asinformation on the effects of each of
these properties on the coordination chemistry of Fe''. Several
groups are currently working to improve our understanding of
the mineral-water interface on this scale (Hiemstra et al., 1989;
Junta-Rosso et al., 1997; Koretsky et al., 1998; Brown et al.,
1999; Rietra et a., 1999).

3.10. Comparison of Related Oxime Carbamates

A series of reactions was carried out to compare the effects
of mineral surfaces on the reactions between Fe'' and three
structurally related OCPs, oxamyl, methomyl, and aldicarb.
Figure 11 compares measured first-order rate constants (K. .q)
for the three OCPs in suspensions where the identity of the
mineral phase, S,, , pH (7.4), [Fe''],o and concentrations of all
other pertinent chemical species are the same. For each mineral
suspension, K.y decreases in the order: methomyl > oxamyl >
adicarb. Thisis the same trend reported for solutions contain-
ing dissolved organic and inorganic ligands (Strathmann and
Stone, 2002a, 2002b). Both plots exhibit a linear correlation
with a slope close to unity, indicating that mineral surfaces
affect the reduction of al three pesticides in the same fashion.
This result implies that if we were to determine bimolecular
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Figure 11. Comparison of measured k.., for oxamyl with (A) mea
sured Ko for methomyl, and (B) measured k. for aldicarb in selected
mineral suspensions of equivalent composition. Symbols indicate ho-
mogeneous solution (@), and suspensions of iron (hydr)oxides (CJ),
silicon dioxides (O), titanium dioxides (), y-Al,O5 (V), and kaolinites
(1). Reaction conditions: 0.5 mmol/L total Fe'', 25 wmol/L OCP, pH
7.4 (25 mmol/L MOPS), 100 mmol/L NaCl, and 25°C. Suspensions
contained the following mass loadings: 1 g/L (goethite, hematite #1,
#2), 1.25 g/L (SO, #2), and 5 g/L (al other solids). Lines indicate
linear regression, and uncertainties represent 95% confidence limits.

rate constants for methomy! or adicarb reacting with adsorbed
Fe'' (ks; this would require alarge number of experiments), we
would expect approximately the same pattern of values deter-
mined for oxamyl (Table 2). For example, for al three OCPs
we expect Fe'' adsorbed on hematite #1 to be ~800-fold more
reactive than Fe?™ .

4. CONCLUSIONS

The results of this study suggest that Fe'' adsorbed on min-
era surfaces found in subsurface environments may be an
effective reductant for OCPs and related agrochemicals. Ki-
netic trends indicate that adsorbed Fe'' is significantly more

reactive with these compounds than Fe**,,, and results support
a hypothesis that catalysis occurs as the result of Fe'' compl-
exation by surface-bound oxygen donor ligands. This follows
from our prior work that demonstrates that Fe'' reactivity with
OCPs is markedly affected upon complexation by dissolved
inorganic and organic ligands.

Anoxic and suboxic environments are often characterized by
high Fe'' concentrations, the result of the ubiquitous presence
of Fe'"-reducing bacteria, and it is likely that a significant
fraction of the Fe' in soils and agquifers is adsorbed onto
(hydr)oxide and aluminosilicate particles or surface coatings.
Our findings indicate that OCPs will rapidly degrade in these
systems.

Surface-catalyzed reduction of OCPs is also significantly
faster than base-catalyzed elimination, the predominant degra-
dation pathway observed in oxic soils and groundwater (Bro-
milow et al., 1980; Miles and Delfino, 1985; Lightfoot et al.,
1987; Warren et a., 2000). This suggests that these compounds
will degrade more rapidly in reducing environments than in
oxygenated environments.

Results from this study also improve our understanding of
Fe'' reactivity with organic oxidants in agueous environments.
Most studies on the reactivity of Fe'' with organic compounds
have been limited to a small number of compounds, most
notably nitrobenzenes and halogenated alkanes. Our work with
OCPs complements these studies and expands our overal un-
derstanding of the organic functiona groups that are suscepti-
ble to reduction by Fe''. We suspect that other classes of widely
used synthetic chemicals are also susceptible to reduction by
Fe'', especially in heterogeneous systems containing numerous
catalytic mineral surfaces. However, because these compounds
lack halogenated or nitroaromatic functional groups in their
structures, few studies have been directed at assessing their
reactivity with Fe'' and other environmentally relevant reduc-
ing agents.

Finally, OCPs provide us with another set of compounds for
probing redox processes in reducing environments. Results
from this work and prior studies in this series indicate that the
reactivity of OCPs is influenced by factors such as the thermo-
dynamics of the Fe'"'/Fe"' redox couple, as well as the number
of coordination positions occupied by complexing ligands. By
comparing the relative reactivity of multiple classes of oxidants
(e.g., OCPs vs. nitrobenzenes vs. Cr¥') observed in model
systems (e.g., Fe'' adsorbed on a series of mineral surfaces)
with the relative reactivity observed in complex soil systems,
we may improve our understanding of the relevant catalytic
congtituents present in natural environments.
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