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Anodic Fenton treatment (AFT) is an electrochemical treatment employing the Fenton reaction for
the generation of hydroxyl radicals, strong oxidants that can degrade organic compounds via hydrogen
abstraction. AFT has potential use for the remediation of aqueous pesticide waste. The degradation
rates of chloroacetanilides by AFT were investigated in this work, which demonstrates that AFT can
be used to rapidly and completely remove chloroacetanilide herbicides from aqueous solutions.
Acetochlor, alachlor, butachlor, metolachlor, and propachlor were treated by AFT, and parent
compound concentrations were analyzed over the course of the treatment time. Degradation curves
were plotted and fitted by the AFT kinetic model for each herbicide, and AFT model kinetic parameters
were used to calculate degradation rate constants. The reactivity order of these five active ingredients
toward hydroxyl radical was acetochlor ≈ metolachlor > butachlor ≈ alachlor > propachlor. Treatment
of the chloroacetanilides by AFT removed the parent compounds but did not completely mineralize
them. However, AFT did result in an increase in the biodegradability of chloroacetanilide aqueous
solutions, as evidenced by an increase in the 5-day biochemical oxygen demand to chemical oxygen
demand ratio (BOD5/COD) to >0.3, indicating completely biodegradable solutions. Several degradation
products were formed and subsequently degraded, although not always completely. Some of these
were identified by mass spectral analyses. Among the products, isomers of phenolic and carbonyl
derivatives of parent compounds were common to each of the herbicides analyzed. More extensively
oxidized products were not detected. Degradation pathways are proposed for each of the parent
compounds and identified products.

KEYWORDS: Chloroacetanilide; herbicide; degradation; Fenton; wastewater treatment; anodic; aceto-

chlor; alachlor; butachlor; metolachlor; propachlor

INTRODUCTION

Pesticide contamination of water resources has become a
concern in the United States, especially in regions dominated
by farmland. Monitoring of groundwater and surface waters such
as lakes and rivers for pesticide parent compounds and
metabolites has repeatedly resulted in the detection of chloro-
acetanilide herbicides and their ethanesulfonic and oxanilic acid
metabolites (1, 2). Chloroacetanilide herbicides are some of the
most widely used herbicides in the United States. The U.S. EPA
reports that in 2001 acetochlor, metolachlor, and alachlor were
the 4th, 10th, and 16th most widely used pesticide active
ingredients in the United States, with 30-35 million, 15-22
million, and 6-9 million lb applied, respectively (3). Several
chloroacetanilide herbicides have been identified as possible or
probable human carcinogens (4), and there is concern about the
effects of parent compounds and metabolites on aquatic
ecosystems (5). These reports have led to an effort to reduce

the use of at least one of the chloroacetanilides and to remediate
already contaminated water resources.

The development of anodic Fenton treatment (AFT), an
advanced oxidation treatment process that generates highly
reactive hydroxyl radicals via the Fenton reaction

provides an opportunity to control several sources of chloro-
acetanilide contamination. AFT was developed with the goal
of creating a cost-effective and user-friendly treatment method
for the remediation of low-volume, high-concentration pesticide
wastes, such as applicator rinse water or unused stocked
commercial mixes (6). AFT is an improvement on other Fenton
processes, such as classic Fenton treatment (CFT) and electro-
chemical Fenton treatment (EFT), in that the system is divided
into anodic and cathodic half-cells separated by an ion-exchange
membrane, allowing for treatment and the Fenton reaction to
occur in an optimal pH environment (pH∼2-3) in the anodic
half-cell (see ref7 for diagram). AFT also has greater potential
to be used on-site, eliminating the need for transportation of
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Fe2+ + H2O2 f Fe3+ + OH- + •OH (1)
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waste and reducing potential sources of pollution by making
remediation easier and more timely. To better understand AFT
reaction mechanisms, a kinetic model based on the degradation
of 2,4-D was developed in this laboratory (8). The AFT model
has been shown to accurately describe the degradation kinetics
of carbamate and phosphorothiate insecticides (9,10).

This work describes the evaluation of AFT as an effective
method for the degradation of chloroacetanilide herbicides in
aqueous solutions. Five chloroacetanilides were chosen as
representative compounds: acetochlor [2-chloro-N-(ethoxy-
methyl)-N-(2-ethyl-6-methylphenyl)acetamide], alachlor [2-chloro-
N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide], buta-
chlor [N-(butoxymethyl)-2-chloro-N-(2,6-diethylphenyl)acet-
amide], metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-
(2-methoxy-1-methylethyl)acetamide], and propachlor [2-chloro-
N-(1-methylethyl)-N-phenylacetamide] (Figure 1). Specifically,
our objectives were to (i) determine the appropriateness of the
AFT model in describing the degradation of chloroacetanilides,
(ii) determine rate constants for the reaction of hydroxyl radical
with each of the five chosen chloroacetanilides, (iii) assess the
effect of AFT on the biodegradability of chloroacetanilide
aqueous solutions, and (iv) identify the structures of products
generated by the AFT of chloroacetanilides and propose
degradation pathways.

MATERIALS AND METHODS

Chemicals.Acetochlor (98%), alachlor (99.5%), butachlor (98%),
metolachlor (97.2%), propachlor (99.5%), and catechol (97.5%) were
purchased from Chem Service (West Chester, PA). Acetochlor, alachlor,
and propachlor degradation product standards [2-chloro-N-ethyl-N-
phenyl-acetamide, 2-chloro-N-(2,6-diethylphenyl)-acetamide, and 2-chloro-
N-(2-ethyl-6-methylphenyl)-acetamide] were purchased from Sigma-
Aldrich (St. Louis, MO). Potassium permanganate, potassium dichromate,
dibasic sodium phosphate, magnesium sulfate, dichloromethane, acetic
anhydride, and potassium carbonate were purchased from Mallinkcrodt
(Paris, KY). Sodium chloride, methanol, ferrous ammonium sulfate,
ferrous sulfate, monobasic potassium phosphate, ferric chloride, and
HPLC grade water were purchased from Fisher Scientific (Fair Lawn,
NJ). Silver sulfate, dibasic potassium phosphate, ammonium chloride,
and calcium chloride were purchased from GFS Chemicals (Columbus,
OH). Catalase, glucose, glutamic acid, and sodium sulfite were
purchased from Sigma (St. Louis, MO). Mercuric sulfate and 1,10-
phenanthroline monohydrate were purchased from Aldrich (Milwaukee,
WI). Sulfuric and hydrochloric acids were purchased from EM Science
(Gibbstown, NJ). Hydrogen peroxide (30%) was purchased from Fluka
(St. Gallen, Switzerland). Polyseed bacterial seed was purchased from
Interlab Supply (The Woodlands, TX).

AFT and CFT Apparatus and Operating Conditions. AFT was
performed in a glass reactor (Cornell Glass Shop) consisting of two
half-cells connected by an anion membrane (ESC-7001) with an

electrical resistance of 8Ω cm-2 purchased from Electrosynthesis Co.
(Lancaster, NY). Solutions in each half-cell contained stir bars and were
stirred by two stir plates purchased from Corning (Corning, NY) placed
directly under each cell. The anode consisted of a 12.5 cm× 2.5 cm
× 0.25 cm pure iron bar, whereas the cathode consisted of an 8 cm×
1.25 cm cylindrical graphite rod. A BK Precision DC Power Supply
1610 was used to apply a current to the electrodes. Hydrogen peroxide
was pumped into the anodic half-cell with a StepDos 08 S pump
purchased from Chemglass (Vineland, NJ). For all kinetics experiments,
the delivery ratio of H2O2/Fe2+ was kept at 10:1. A 0.311 M solution
of H2O2 was delivered at a rate of 0.5 mL/min, or 0.156 mmol/min.
The electrolysis current was kept at 0.050 A, equivalent to an Fe2+

delivery rate of 0.0156 mmol/min. The concentration of H2O2 was
determined by titration with a standard solution of potassium perman-
ganate.

For experiments designed for the analysis of degradation products,
the following CFT and AFT procedures were followed. For CFT, a
volume of 200µL of 0.311 M FeSO4‚7H2O was added to 200 mL of
200 µM of each herbicide with stirring, followed 30 s later by 2.00
mL of 0.311 M H2O2. This resulted in a 10:1 ratio of H2O2/Fe2+ and
the delivery of Fenton reagents in an amount equivalent to 4 min of
AFT. For AFT, 200 mL of 200µM metolachlor was treated under the
same conditions as with kinetics analysis. All glassware was cleaned
thoroughly with HPLC-grade dichloromethane prior to experiments.

Degradation of Chloroacetanilides by AFT.For each treatment,
200 mL of 50µM propachlor, 50µM of either acetochlor, alachlor,
butachlor, or metolachlor, and 0.02 M NaCl were added to the anodic
half-cell. A 200 mL solution of 0.08 M NaCl was added to the cathodic
half-cell. At various time intervals, 1 mL samples were taken from the
anodic half-cell and were placed in GC vials containing 100µL of
HPLC-grade methanol to quench residual hydroxyl radicals. Concentra-
tions of chloroacetanilides were then analyzed by HPLC. Each treatment
trial was replicated in triplicate.

Concentration Analysis of Chloroacetanilides.The concentration
of each herbicide in effluent samples was measured with an Agilent
1100 series HPLC equipped with a diode array detector (DAD). The
mobile phase for the analysis of metolachlor, acetochlor, or alachlor
in solution with propachlor was 67:33 acetonitrile/water with the pH
adjusted to 3 using phosphoric acid. Under these conditions, the
retention times for acetochlor, alachlor, metolachlor, and propachlor
were 8.00, 7.89, 7.94, and 4.86 min, respectively. The mobile phase
for the analysis of butachlor in solution with propachlor was 67:33
acetonitrile/water (pH 3) from 0 to 6.5 min, 80:20 at 7 min, 90:10
from 8 to 12 min, and 80:20 at 14 min. The retention times for butachlor
and propachlor were 12.3 and 4.68 min. A C18 5 µm, 250 mm× 2.5
mm (i.d.) PRISM reverse phase column was used. DAD wavelength
was set at 230( 15 nm.

Determination of COD and BOD5. AFT effluent used in COD and
BOD5 procedures was generated under the same conditions as for
kinetics experiments, only with different initial concentrations of
herbicides: a mixture of acetochlor, alachlor, and metolachlor (each
at ∼60 µM) was tested, as well as a 180µM solution of metolachlor.
Treatment was stopped at several different time points, and samples
were taken from the anodic half-cell for COD and BOD5 analysis. The
effluent was buffered to pH∼7 with phosphate buffer (4 mL of 1 M
NaH2PO4 and 1 M Na2HPO4 per 200 mL of effluent), and catalase
was added (0.4 mL of 50 mg/mL in 0.5 M phosphate buffer per 200
mL of effluent) to degrade residual hydrogen peroxide. Concentration
analysis for the effluent containing acetochlor, alachlor, and metolachlor
used in BOD5/COD experiments was done using GC-MS after
extraction with dichloromethane to achieve quantifiable separation of
peaks, not possible by HPLC. Extraction efficiencies for these three
herbicides were 117.4( 2.0, 115.8( 3.8, and 108.6( 2.1% for
acetochlor, alachlor, and metolachlor, respectively. Extractions and GC-
MS conditions were the same as those described below for degradation
product analyses. Concentration of the metolachlor solution was
analyzed using HPLC, as described above. COD and BOD5 determi-
nation procedures followed that found inStandard Methods for the
Examination of Water and Wastewater(11) very closely. Potassium
dichromate (K2Cr2O7) was used as an oxidizer in COD experiments.

Figure 1. Chloroacetanilide herbicides.
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Dissolved oxygen was measured using a calibrated YSI oxygen meter
with a BOD stirring probe.

Identification of Degradation Products. Treatments were stopped
at different times. For both CFT and AFT 10 mL of solution was
withdrawn and extracted with 3 mL of HPLC-grade dichloromethane.
After separation, the organic layer was dried with anhydrous sodium
sulfate and immediately analyzed by an Agilent 6890N Network GC
equipped with an Agilent 5973 Network mass selective detector and
an Agilent 7683 series injector. The GC-MS conditions were as
follows: 30 m × 0.25 mm (i.d.) fused silica capillary column with
0.25µm film thickness (Supelco); carrier gas of helium (13.0 psi); initial
temperature, 100°C, increasing to 280°C at a rate of 10°C/min and
held at 280°C until 20.5 min; injector port temperature, 220°C; detector
temperature, 310°C. Identification of products was based on mass
spectra interpretation, comparison with relevant literature, and, when
available, comparison to standards.

Derivatization of Products. After 10 mL of effluent was taken for
degradation product analysis, the pH of the effluent was brought up to
∼10 using K2CO3. A volume of 100µL of acetic anhydride was added
to the effluent, and the solution was left to incubate, benchtop, for 20-
30 min. The pH was then brought back down to∼4 using one drop of
HCl. Dichloromethane (3 mL) was added, and the solution was
extracted immediately. Catechol was used as a control to determine
the efficacy of the derivatization process.

AFT Kinetic Model. A full account of the development of the AFT
kinetic model and all of its assumptions has been published elsewhere
(8). The kinetic model consists of the equation

where[D]t and [D]0 (µM) are the concentrations of the target compound
D at timet and 0 min, respectively;K ) kFktc (µM-2 min-2), wherekF

(µM-1 min-1) is the second-order rate constant of the Fenton reaction
andktc (µM-1 min-1) is the second-order rate constant of the reaction
between hydroxyl radical and the target compound;λ (min) is the
average life of the hydroxyl radical;π (min) is the average life of the
ferrous ion;ω is a constant related to the delivery ratio of the Fenton
reagents and to the consumption ratio of hydrogen peroxide;ν0 (µM
min-1) is the delivery rate of ferrous iron into the reaction system; and
t (min) is time.

RESULTS AND DISCUSSION

Degradation Kinetics. The results of the degradation of
chloroacetanilides by AFT are shown inFigure 2. The results
indicate that AFT can completely remove the parent compound
from 200 mL of∼50 µM chloroacetanilide in 4 min under the

given conditions. The kinetic model rate parameters (Kλπω)
provided a good fit for the experimentally derived data as
evidenced by the high correlation coefficients listed inTable
1. The correlation coefficient of the AFT model fit to butachlor
degradation is somewhat lower than that for the other chloro-
acetanilides. This is likely due to its very low aqueous solubility.

In the kinetic studies, all aqueous solutions treated contained
50µM propachlor and 50µM of one of the other four herbicides.
Thus, all treatments were of two-component systems and
resulted in competition for hydroxyl radical. As shown in
previous work, when two herbicides are treated in the same
solution at the same time, the parametersλ, π, ω, andν0 can
be assumed to be the same for both target compounds (9). The
second-order rate constant for the Fenton reaction,kF, is also
the same for both target compounds. Thus, the value of the
parameterKλπω for a given target compound is dictated by
ktc, the rate constant between hydroxyl radical and the target
compound. Therefore, it follows that

wherektc1 andktc2 are the second-order rate constants between
hydroxyl radical and target compounds 1 and 2, respectively.
Using the literature value of 7× 109 M-1 s-1 (12) as the rate
constant for aqueous alachlor and hydroxyl radical, the rate
constant for propachlor was calculated. Using the propachlor
value, the other three chloroacetanilide rate constants for reaction
with hydroxyl radical were calculated and are listed inTable 2
(ktc of each herbicide is referred to simply ask in the table and
from here onward). It should be noted that an unknown quantity
of additional error is introduced into the calculation ofk for
acetochlor, alachlor, and metolachlor by using the method of
comparison to propachlor. It should also be noted that error for
k values is not listed inTable 2 because the literature value for
k of alachlor was not reported with error. However, error
estimates are available for theKλπω values (Table 1) upon
which k is based. Also,t tests were performed, pairwise, to
assess significant differences inKλπω values (Table 3). The
results give the following reactivity order for the chloroacet-
anilides with hydroxyl radical: acetochlor≈ metolachlor>
alachlor≈ butachlor> propachlor. It is interesting to note that
the reactivity order of these five herbicides coincides with the
way in which the herbicides can be grouped on the basis of
their phenyl ring substituents. Acetochlor and metolachlor have
similar k values and are most reactive toward the hydroxyl
radical. They both have 2-ethyl and 6-methyl phenyl substituent

Figure 2. Degradation of chloroacetanilides by AFT. Error bars are ±SE.
Lines are results of AFT kinetic model fit.

ln
[D] t

[D]0

) -1
2

Kλπων0
2t2 (2)

Table 1. Rate Parameters and Correlation Coefficients of Each
Chloroacetanilide

herbicide Kλπω (µM-2) R

acetochlor (1.543 ± 0.024) × 10-4 >0.999
alachlor (1.080 ± 0.012) × 10-4 >0.999
butachlor (1.199 ± 0.096) × 10-4 0.981
metolachlor (1.359 ± 0.013) × 10-4 >0.999
propachlor (8.106 ± 0.106) × 10-5 >0.999

Table 2. Degradation Rate Constants of Chloroacetanilides by AFT

herbicide k (M-1 s-1) herbicide k (M-1 s-1)

acetochlor 8 × 109 butachlor 7 × 109

metolachlor 8 × 109 propachlor 5 × 109

alachlor 7 × 109

ktc1

ktc2
)

(Kλπω)1

(Kλπω)2

(3)
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groups. Butachlor and alachlor have similark values and are
less reactive toward hydroxyl radical than acetochlor and
metolachlor. They both have ethyl groups at the 2- and
6-positions. Propachlor is the slowest to degrade and does not
have any phenyl substituents. The only twot tests that do not
agree with this grouping are those of alachlor versus metolachlor
and butachlor versus metolachlor. This is likely due to a
relatively greater amount of variation in metolachlor’sKλπω
values. Variation in this parameter depends largely on experi-
mental dexterity. This grouping observation is discussed further
in relation to degradation products.

Determination of BOD5/COD and Effect of AFT on
Biodegradability. The BOD5/COD ratio was used as a measure
of AFT’s ability to increase the biodegradability of a given
aqueous solution. The ability of a treatment process to increase
the biodegradability of pesticide waste is an important consid-
eration given that chemical treatments coupled with biological
treatments are becoming some of the more cost-effective
methods for disposing of pesticide waste. COD can be defined
as the amount of organic material present in a solution that is
susceptible to oxidation by a strong oxidant, measured in oxygen
equivalents. In this study, the strong oxidant used was potassium
dichromate. BOD5 is a measure of the dissolved oxygen
consumed by bacteria incubated with a waste solution for 5 days
and can be interpreted as a measure of the bioavailability of
the organic material in the waste solution. It has become standard
practice to accept a BOD5/COD value ofg0.3 to signify a
biodegradable solution (13). AFT is able to decrease the COD,
increase the BOD5, and therefore increase the BOD5/COD ratio
of aqueous chloroacetanilide solutions, as shown inFigure 3.

The BOD5/COD ratio was determined for an∼160 µM
solution of metolachlor throughout treatment by AFT under the
conditions described in Materials and Methods. The degradation
of metolachlor and increase in BOD5/COD to a value>0.3 at
∼10 min of AFT is shown (Figure 3a). It is interesting to note,
however, that complete removal of the parent compound has
already occurred by 5 min of treatment. It can therefore be
assumed that the initial degradation products of metolachlor are
nearly as recalcitrant toward biodegradation as the parent
compound and that further degradation of the initial products
must occur before the effluent can be considered biodegradable.
Similar results were observed when the BOD5/COD ratio was
determined for a mixture of acetochlor, alachlor, and meto-
lachlor, each at∼60µM, throughout treatment by AFT.Figure
3b demonstrates that AFT can increase the biodegradability
potential for a mixture of chloroacetanilide herbicides to>0.3,
an important finding given that wastewater generally contains
many components, including both active ingredients and inert
substances.

As with metolachlor aqueous solutions, the disappearance of
the other chloroacetanilide herbicides was observed at 5 min
of treatment, whereas the BOD5/COD values did not indicate
biodegradability until 10 min of treatment. This again suggests
that initial AFT products of these three chloroacetanilides need
to be degraded in addition to parent compounds to produce a
biodegradable effluent. It is interesting to note that BOD5/COD
did not increase with treatment time as rapidly with the mixture
as during the treatment of only metolachlor. At 20 min of
treatment, metolachlor effluent demonstrated a BOD5/COD of
nearly 0.6, whereas the mixture had a BOD5/COD value of only
0.4. Although both solutions can be considered to be biodegrad-
able by 20 min, the mixture exhibits more recalcitrant trans-
formation products. Future work should focus on the BOD5/
COD of alachlor and acetochlor treated individually to determine
which herbicide in the mixture is limiting the increase in BOD5/
COD.

Degradation Products and Pathways.Classic Fenton treat-
ment was used initially in determining degradation products to
generate greater concentrations of products for the purposes of
extraction and identification. Products of CFT were later
compared to products of AFT (metolachlor only). Degradation
product analysis proved unsuccessful for butachlor, likely due
to butachlor’s very low aqueous solubility. The resulting low
aqueous concentration of the initial solution did not allow for
generation of a significant concentration of products. The parent
molecule itself could not be extracted from the untreated
solution.Table 4summarizes the GC-MS information obtained
for parent compounds and degradation products for the other
four chloroacetanilides.

Metolachlor was chosen as a representative chloroacetanilide
for AFT product analysis. Metolachlor products were analyzed
at various time points throughout AFT, and CFT products of

Table 3. Results of t Tests of Kλπω Values between Pairs of
Chloroacetanilides

comparison p

acetochlor vs alachlor 0.005
propachlor 0.000
butachlor 0.006
metolachlor 0.119

alachlor vs propachlor 0.041
butachlor 0.191
metolachlor 0.092

propachlor vs butachlor 0.009
metolachlor 0.012

butachlor vs metolachlor 0.203

Figure 3. (a) Degradation of metolachlor and simultaneous increase in
BOD5/COD and (b) degradation of mixture of acetochlor, alachlor, and
metolachlor and simultaneous increase in BOD5/COD.
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Table 4. Parent Compound and Degradation Product GC Retention Times (tr), MS Major Ions, and Proposed Structures

2644 J. Agric. Food Chem., Vol. 54, No. 7, 2006 Friedman et al.



Table 4. (Continued)
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Table 4. (Continued)
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Table 4. (Continued)
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metolachlor were compared to the AFT products. In general,
similar products are formed with both methods. However, with
AFT two additional degradation products were detected that
were not detected with CFT (seeFigure 4). One of these
products, eluting at 11.6 min, was present at 0 min of treatment
time. Its concentration approximately doubled by 30 s of
treatment and had degraded completely by 5 min of treatment.
This compound could not be identified, although its mass
spectrum indicated that it contained one chlorine. This com-
pound is designated3g. Product3gcan be assumed to be either
(a) an initial degradation product representing the first attack
of hydroxyl radical, (b) an impurity of metolachlor, or (c) a
photolysis product. Metolachlor solutions required several hours
of stirring to completely dissolve and were exposed to room
light during that time. The other product unique to AFT eluted
at 12.6 min. It reached its peak concentration at 5 min of

treatment time and tapered off slowly thereafter. This compound
was also not conclusively identified. This product is referred
to as3h.

Five minutes of treatment appeared to be the time at which
all products but3g reached a concentration maximum. The
product demonstrating the greatest total ion current (TIC)
response is compound3c [N-(2-acetyl-6-methylphenyl)-2-chloro-
N-(2-methoxy-1-methylethyl)acetamide], which exhibits an ethyl
substituent oxidation. Products3d and3e, phenolic derivatives
of metolachlor, exhibit lower TIC responses, whereas3b,
demonstrating aldehyde formation of the ether amine substituent,
appears to be a minor product pathway. Product3f was not
found in AFT analysis, likely due to low concentration because
its structural isomers3d and 3e were present. A direct
comparison of product concentrations could not be done due to
a lack of standards; all concentration comparisons are loosely

Table 4. (Continued)
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based on TIC responses. Comparison of CFT to AFT demon-
strates that products of the two treatments are similar, although
the presence of individual products differs throughout treatment
time. CFT analysis was done at only one time point (reagent
added equivalent to amount added by 4 min of AFT) so it is
possible that several products present at earlier and later times
were not detected. CFT analysis at all treatment times investi-
gated in AFT analysis would provide more information on the
similarity between the two treatments.

The observation that3g and most of the other degradation
products were maximally abundant at 5 min may explain why
the BOD5/COD of the metolachlor effluent was still very low
(<0.1) at 5 min of treatment despite complete disappearance
of the parent compound. It appears that these degradation
products were either resistant to biodegradation and/or toxic.
This is in agreement with the known toxicity of phenols and
aldehydes, which represent the most abundant degradation
products detected via GC-MS. Phenol toxicity includes respira-
tory uncoupling and polar narcosis (14), whereas aldehydes
exhibit electrophilic toxicity via the covalent binding of nu-
cleophilic biological macromolecules (15). Interestingly, at 15
and 20 min only small amounts of3c and3g were present and
the BOD5/COD ratio for 160µM metolachlor had increased to
>0.3, signifying a biodegradable effluent.

On the basis of CFT products identified for each chloroac-
etanilide and the comparison of AFT products to CFT products
for metolachlor, degradation pathways were proposed for all
of the chloroacetanilides analyzed. Several general pathways
appear to be common to acetochlor, alachlor, and metolachlor,
whereas several of the propachlor degradation products were
unique. Figure 5 shows the proposed general pathway for
acetochlor, alachlor, and metolachlor. Hydroxylation at all
available phenyl sites occurs for each of these herbicides via
hydroxyl radical addition, forming a radical which then likely
undergoes oxidation by Fe3+ to form the phenolic compound.
The intermediate radical could also react with molecular oxygen
to form a phenolic compound via the Dorfman mechanism (16).
The location of the hydroxyl groups was confirmed by perform-
ing GC-MS analyses of effluent extracts that had been deriva-
tized with aqueous acetic anhydride. This derivatization tech-
nique is specific for phenolic hydroxyl substituents and does
not result in the acetylation of alkyl hydroxyl substituents (17).
The mass spectrum for a hydroxylated degradation product of
acetochlor and the spectrum for its acetylated derivatized
complement are shown inFigure 6 as an example. Note the

addition of 42m/zto the parent ion after derivatization (Figure
6b) and the ready loss of this fragment upon electron impact.

Figure 4. Generation of metolachlor degradation products from AFT over
20 min of treatment time.

Figure 5. Degradation pathways common to acetochlor, alachlor, and
metolachlor: acetochlor, R1 ) CH3, R2 ) CH2OCH2CH3; alachlor, R1 )
CH2CH3, R2 ) CH2OCH3; metolachlor, R1 ) CH3, R2 ) CH(CH3)CH2-
OCH3. * Acetochlor and alachlor only.

Figure 6. (a) MS of hydroxylated acetochlor degradation product and (b)
MS of same product after acetylation derivatization (abundance vs m/z).
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These traits are characteristic of aromatic acetyl derivatives.
Another degradation pathway is the cleavage of the R2 group
via hydrogen abstraction followed byR/â scission of the N-R2

bond. This is the only pathway proposed that does not involve
the addition of a hydroxide group. This pathway is proposed
for acetochlor and alachlor only. It is hypothesized that this
product is found only for acetochlor and alachlor because the
amine substituents of these two herbicides are more reactive
than the others due to substitution with a primary carbon (18).
Also, propachlor and metolachlor exhibit branching of their
amine substituents, making them less preferable leaving groups.
A third pathway is the formation of a ketone at the ethyl
substituent. This pathway requires a hydroxylated intermediate
(shown). This intermediate compound was not identified in
product studies, presumably because it is very reactive, with
its transformation to a carbonyl potentially catalyzed by aqueous
Fe(III) (18, 19). Formation of a carbonyl is also proposed to
occur for the amine substituent (R2). A hydroxylated intermedi-
ate and the subsequent Fe(III)-catalyzed formation of a carbonyl
is also proposed for this pathway. Intermediates are formed via
hydrogen abstraction to create a radical, followed by the addition
of hydroxyl radical. Although the products of each pathway were
not necessarily determined for acetochlor, alachlor, and meto-
lachlor individually (possibly due to low concentration/low
extraction efficiency), it is proposed that these pathways occur
for all three of those herbicides (except for cleavage of the R2

group) due to the similarity in their structures.
Proposed degradation pathways for propachlor are shown in

Figure 7. Propachlor exhibits two pathways shared by the other
chloroacetanilides. Hydroxylation of all available phenyl sites
was found to occur via hydroxyl radical attack. Several products
were discovered for propachlor that were not observed with the
others. Hydroxylation of the propyl amine substituent was found
to occur, but oxidation to a carbonyl was not observed as it

was for the other herbicides. This is likely due to the fact that
the hydroxylated carbon of the propyl group has no neighboring
substituents that are electron-donating. Electron-donating groups
have been shown to increase the oxidation of an alcohol to a
carbonyl by Fe3+ (18). This pathway occurs via hydrogen
abstraction followed by addition of hydroxyl radical. Ring
formation within products was found to take place with
propachlor but not with the others. The three propachlor products
demonstrating ring formation,4a, 4d, and 4e, share two
intermediates. The first is a para-hydroxylated intermediate
formed by hydroxyl radical attack. The second is the substitution
of OH for Cl in the first intermediate. Although the second
intermediate was not detected in AFT effluent, environmental
degradates and UV and ozone treatment products demonstrating
this substitution reaction have been found for other chloro-
acetanilides (20-22). It is likely that the electron-donating
character of the para hydroxide group, combined with the lack
of phenyl alkyl substituents, makes ortho sites good targets for
ring formation during propachlor degradation. The second
intermediate then undergoes hydrogen abstraction, forming a
radical at the site of ring formation, and a bond between the
amended acetyl group and the radical site is formed. Two of
these pathways result in five-membered rings (4aand4d), one
of them an ether (4d), and the third pathway results in a six-
membered ether ring (4e).

In general, for each of the herbicides analyzed, a large
percentage of the products determined were hydroxylated
derivatives of the parent compound. This finding is in agreement
with results showing that the oxidation of benzene to phenol
by Fenton’s reagent is very rapid (23). Other significant products
exhibit ketone formation. This is also in agreement with findings
by others that alcohols (formed first by hydrogen abstraction
and hydroxyl radical addition) are susceptible toR hydrogen
abstraction followed by oxidation by Fe3+ (18). More exten-
sively oxidized products were not detected in appreciable
concentrations; it is likely that once a compound has undergone
initial hydroxyl radical attack, further oxidation and degradation
occurs rapidly and smaller organic products are either not stable
in solution or were not extracted/detected with the methods
employed here. This is supported by our observation that direct
aqueous analysis of AFT effluent with infusion MS/MS
demonstrated several unidentified ions that were not present in
dichloromethane extracts (data not shown).

Comparison of degradation rate constants within this group
of herbicides suggests a possible correlation between number
and length of phenyl alkyl substituents and reactivity toward
hydroxyl radical. Acetochlor and metolachlor, the two chloro-
acetanilides with 2-methyl, 6-ethyl substituents, degraded most
rapidly; alachlor and butachlor, the two chloroacetanilides with
2,6-diethyl phenyl substituents, were slower to degrade; pro-
pachlor, the only chloroacetanilide without any alkyl substitu-
ents, was the least susceptible to degradation. However, direct
oxidation of the methyl and ethyl substituents does not occur
in appreciable amounts, so the oxidation of these substituents
is not a strong determinant of reaction rate constants. Rather, it
is possible that the electronic effect of the alkyl substituents
may partially determine degradation rates by altering the
susceptibility of the ring to hydroxylation. Acetochlor and
metolachlor degrade most quickly, presumably because of the
electron-donating effect of the methyl and ethyl substituents to
the ring, making phenyl sites more susceptible to attack by
hydroxyl radical, which is a very electrophilic species (18).
However, alachlor and butachlor experience a greater electron-
donating effect from their two ethyl substituents, which would

Figure 7. Degradation pathways of propachlor.
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lead one to expect them to degrade most quickly. It is
hypothesized that the increase in length of one of the substituents
creates enough steric hindrance to decrease the susceptibility
of remaining ring sites to hydroxylation. In contrast, propachlor
does not have any electron-donating substituents on the ring
and also has the slowest degradation rate despite having more
ring sites available for hydroxylation. Another explanation for
the slow rate of propachlor degradation may lie in the nature
of propachlor’s R2 substituent, which is an alkyl group which
differs from the ether found in the other chloroacetanilides.
Walling et al. (18) have shown that ether oxygen has a weak
activating effect onR C-H bonds, providing greater electron
density and making these bonds more susceptible to hydrogen
abstraction. Thus, propachlor’s alkyl substituent may also have
reduced the rate of hydroxyl radical attack when compared to
the other chloroacetanilides.

Conclusion.AFT can quickly and effectively remove chlo-
roacetanilide herbicides from aqueous solutions. The AFT
kinetic model accurately describes the degradation of chloro-
acetanilide herbicides. The reaction rate constants of chloro-
acetanilides with hydroxyl radical were determined. The chlo-
roacetanilides tested demonstrated the following reactivity
order: acetochlor≈ metolachlor> alachlor ≈ butachlor>
propachlor. AFT can effectively increase the biodegradability
of single-component and mixed chloroacetanilide in aqueous
solutions. Major proposed degradation pathways for the chlo-
roacetanilides include hydroxyl radical attack of nonsubstituted
phenyl sites and terminal ether sites. In the case of propachlor,
ring formation between phenyl and acetyl substituents appeared
to be common to several major pathways.

ACKNOWLEDGMENT

We thank Dr. Qiquan Wang and Dr. Huichun Zhang for their
guidance and helpful discussions and Michelle Hladik at Johns
Hopkins University for generously volunteering her time for
pCI-MS analysis.

LITERATURE CITED

(1) Kalkhoff, S. J.; Kolpin, D. W.; Thurman, E. M.; Ferrer, I.;
Barcelo, D. Degradation of chloroacetanilide herbicides: the
prevalence of sulfonic and oxanilic acid metabolites in Iowa
groundwaters and surface waters.EnViron. Sci. Technol.1998,
32, 1738-1740.

(2) Rheineck, B.; Postle, J.Chloroacetanilide Metabolites in Wis-
consin Groundwater; Wisconsin Department of Agriculture,
Trade and Consumer Protection: Madison, WI, 2000; pp 1-13.

(3) U.S. EPA.2000/2001 Pesticide Sales and Usage Report; 733-
R-04-001; U.S. GPO: Washington, DC, 2004.

(4) Dearfield, K. L.; McCarroll, N. E.; Protzel, A.; Stack, H. F.;
Jackson, M. A.; Waters, M. D. A survey of EPA/OPP and open
literature on selected pesticide chemicals II. Mutagenicity and
carcinogenicity of selected chloroacetanilides and related com-
pounds.Mutat. Res.1999,443, 183-221.

(5) Osano, O.; Admiraal, W.; Klamer, H. J. C.; Pastor, D.; Bleeker,
E. A. J. Comparative toxic and genotoxic effects of chloro-
acetanilides, formamidines and their degradation products on
Vibrio fischeri and Chironomus riparius. EnViron. Toxicol.
Chem.2002,21, 375-379.

(6) Saltmiras, D. A.; Lemley, A. T. Degradation of ethylene thiourea
(ETU) with three Fenton treatment processes.J. Agric. Food
Chem.2000,48, 6149-6157.

(7) Wang, Q.; Lemley, A. T. Oxidation of carbaryl in aqueous
solution by membrane anodic Fenton treatment.J. Agric. Food
Chem.2002,50, 2331-2337.

(8) Wang, Q.; Lemley, A. T. Kinetic model and optimization of
2,4-D degradation by anodic Fenton treatment.EnViron. Sci.
Technol.2001,35, 4509-4514.

(9) Wang, Q.; Lemley, A. T. Competitive degradation and detoxi-
fication of carbamate insecticides by membrane anodic Fenton
treatment.J. Agric. Food Chem.2003,51, 5382-5390.

(10) Wang, Q.; Lemley, A. T. Oxidation of diazinon by anodic Fenton
treatment.Water Res.2002,36, 3237-3244.

(11) Standard Methods for the Examination of Water and Wastewater,
20th ed.; Taras, M. J., Greenberg, A. E., Hoak, R. D., Rand, M.
C., Eds.; American Public Health Association: Washington, DC,
1998; pp 5-2-5-9.

(12) Haag, W. R.; Yao, C. C. D. Rate constants for reaction of
hydroxyl radicals with several drinking water contaminants.
EnViron. Sci. Technol.1992,26, 1005-1013.

(13) Chamarro, E.; Marco, A.; Esplugas, S. Use of Fenton reagent to
improve organic chemical biodegradability.Water Res.2001,
35, 1047-1051.

(14) Ren, S. Phenol mechanism of toxic action classification and
prediction: a decision tree approach.Toxicol. Lett.2003,144,
313-323.

(15) Dimitrov, S.; Koleva, Y.; Schultz, T. W.; Walker, J. D.;
Mekenyan, O. Interspecies quanititative structure-activity re-
lationship model for aldehydes: aquatic toxicity.EnViron.
Toxicol. Chem.2004,23, 463-470.

(16) Kunai, A.; Hata, S.; Ito, S.; Sasaki, K. The role of oxygen in
the hydroxylation reaction of benzene with Fenton’s reagent.18O
tracer study.J. Am. Chem. Soc.1986,108, 6012-6016.

(17) Baker, G. B.; Coutts, R. T.; Holt, A. Derivatization with acetic
anhydride: applications to the analysis of biogenic amines and
psychiatric drugs by gas chromatography and mass spectrometry.
J. Pharmacol. Toxicol. Methods1994,31, 141-148.

(18) Walling, C.; El-Taliawi, G. M.; Johnson, R. A. Fenton’s reagent.
IV. Structure and reactivity relations in the reactions of hydroxyl
radicals and the redox reactions of radicals.J. Am. Chem. Soc.
1974,96, 133-139.

(19) Walling, C.; Parch, R. E.; Weil, T. Kinetics of the decomposition
of hydrogen peroxide catalyzed by ferric ethylenediaminetet-
raacetate complex.Proc. Natl. Acad. Sci. U.S.A.1975, 72, 140-
142.

(20) Potter, T. L.; Carpenter, T. L. Occurrence of alachlor environ-
mental degradation products in groundwater.EnViron. Sci.
Technol.1995,29, 1557-1563.

(21) McGahen, L. L.; Tiedje, J. M. Metabolism of two new acylanilide
herbicides, Antor herbicide (H-22234) and Dual (metolachlor)
by the soil fungusChaetomium globosum. J. Agric. Food Chem.
1978,26, 414-419.

(22) Somich, C. J.; Kearney, P. C.; Muldoon, M. T.; Elsasser, S.
Enhanced soil degradation of alachlor by treatment with ultra-
violet light and ozone.J. Agric. Food Chem.1988,36, 1322-
1326.

(23) Walling, C.; Johnson, R. A. Fenton’s reagent. V. Hydroxylation
and side-chain cleavage of aromatics. J. Am. Chem. Soc.1975,
97, 363-367.

Received for review September 21, 2005. Revised manuscript received
February 3, 2006. Accepted February 3, 2006. Funding for this research
was provided by the Cornell University College of Human Ecology,
the Graduate Field of Environmental Toxicology, and by Project 329423
(Regional Project W-045) received from CSREES, USDA.

JF0523317

Degradation of Chloroacetanilide Herbicides by AFT J. Agric. Food Chem., Vol. 54, No. 7, 2006 2651


