
 

 No significant difference between safener addition as 
t = 0 and Fe(II) addition as t = 0 (Fig. 6) 

 Consistent with the assumption that the surface reaction 
is rate-limiting 

 In Fe(II)-amended Fe(III) oxide, the presence of Mn(IV) oxide had an appreciable effect on reduction rate 
constants of benoxacor and furilazole (Fig. 4); no transformation observed for dichlormid 

 As the molar ratio of Fe(II)-to-Mn(IV) oxide increased: 

 Observed rate constant for benoxacor increased 12-fold 

 Observed rate constant for furilazole increased 2-fold 

 Reduction of Mn(IV) oxide by Fe(II) is thermodynamically favored, rendering Fe(II) at least partially 
unavailable for reactions with safeners 

Introduction 

 The presence of Mn(IV) oxide in 
Fe(II)-amended Fe(III) oxide 
systems can appreciably influence 
transformation rates of 
dichloroacetamide safeners. 

 In the presence of Mn(IV) oxide, 
rates of Fe(II)-mediated reduction 
of dichloroacetamides can 
significantly decrease. 

 For more accurate risk 
assessment, it is important to 
consider possible trans-formations 
of dichloroacet-amides into 
potentially more biologically 
active monochlorinated analogues 

 The order in which the reactants 
enter a system will not affect the 
transformation of 
dichloroacetamide safeners 

 Reductive dechlorination of 
safeners can occur after 
transport into surface and 
groundwaters 
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 Performed in anaerobic conditions (3% H2, 97% N2) 

 Buffered at pH 7.0 with MOPS (30.0 mM) and ionic strength adjusted with NaCl (50.0 mM) 

 Samples were centrifuged and extracted into toluene for GC/µECD analysis 
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Effect of Reagent Addition Order 

Quenching by Mn(IV) Oxide 

Figure 1. Reductive dechlorination reactions for 
a. dichlormid, b. benoxacor, and c. furilazole. 
Dichlormid and benoxacor transformations 
reported by ref 5. Furilazole transformation is 
postulated. LogKOW values are estimates from the 
US EPA EPISuite database. 
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Figure 2. a. Manganese enrichment of soils, relative to bedrock, adapted from ref 9; b. Average annual 
application of metolachlor in pounds per square mile for the years 1992 – 1995, adapted from ref 11. 
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Figure 3. Co-occurrence of manganese solids 
(i.e., manganese oxides) and dissolved Fe(II) in 
flooded soils as conditions change from aerobic 
to anaerobic. Time on the x-axis is in days after 
flooding. Adapted from ref 10. 

Figure 4. Observed transformation rate constants (kobs) for a. benoxacor (BN) and b. furilazole (FZ) with changing molar ratio of Fe(II) to 
Mn(IV) oxide. Reaction conditions: [BN]i = 20 µM, [FZ]i = 20 µM, Fe(III) oxide loading = 9 g/L, Mn(IV) oxide loading = 1 g/L, 
[MOPS] = 30 mM, [NaCl] = 50 mM, pH 7.0. Error bars represent 95% confidence intervals. 
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Figure 6. Comparison of benoxacor (BN) reduction with safener and 
Fe(II) addition as time zero. Reactor conditions:  Fe(III) oxide 
loading = 10 g/L, [Fe(II)]i = 3.0 mM, [BN]i = 20 µM, [MOPS] = 30 mM, 
[NaCl] = 50 mM, pH 7.0. Error bars represent 95% confidence intervals. 

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

Fr
ac

ti
o

n
 o

f 
A

n
al

yt
e

Time (h)

Safener as t=0

Fe(II) as t=0

Figure 5. Comparison of the reduction of benoxacor (BN) in the 
absence of and after the addition of birnessite. Reactor 
conditions:  Fe(III) oxide loading = 10 g/L, [Fe(II)]i = 3.0 mM, 
[BN]I = 20 µM, [MOPS] = 30 mM, [NaCl] = 50 mM, pH 7.0. Error 
bars represent 95% confidence intervals. 
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Addition of Mn(IV) oxide 

 Transformations of dichloroacetamide safeners proceeds 
more slowly in the presence of Mn(IV) oxide (Fig. 5) 

 In the absence of Mn(IV) oxide: 56% benoxacor 
transformation between 4 and 50 hours 

 When Mn(IV) oxide was added after 4 hours: 30% 
benoxacor transformation between 4 and 50 hours 

 Sufficient concentrations of Mn(IV) oxide, relative to 
the reductant, may effectively halt reduction of 
dichloroacetamide safener 

 This experiment: Mn(IV) oxide ~10% solids loading 
by mass 

 Natural soils: Manganese is 10-30% of total Fe and 
Mn 

 Safeners improve selectivity of herbicide 
formulations1-3 

 Dichloroacetamides safeners can transform 
into products resembling active herbicides 
(Fig. 1),2,4 likely making them more biologically 
active5 

 Dichloroacetamide safeners can transform via 
reductive dechlorination in anaerobic, abiotic 
systems containing Fe(II)-amended iron 
oxides5 

 Manganese oxides frequently co-occur with 
iron oxides and could compete with safeners 
as oxidants (Fig. 2)9-11 

 Studies of mineral mediated transformations 
generally do not examine “mixed-mineral” 
systems 

 Fe(II) can co-occur with Mn(IV) oxide as soils 
become waterlogged (Fig. 3)10 

 PURPOSE: To determine the effect of Mn(IV) 
oxide on the reductive dechlorination of 
dichloroacetamide safeners 


