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Malathion is a commercial organophosphate insecticide which functions as an acetylcholinesterase
inhibitor. Both this organophosphate compound and its mechanism of action are common across
many pesticide compounds. Research has shown how malathion degrades in the environment.
Several degradation techniques for malathion involve generation of OHe radicals; however these
studies typically examine only the disappearance of malathion, and not the subsequent degradation
9 of breakdown products (some of which are also toxic). Our computational data demonstrate that
10 OHe is only effective for degradation at certain steps along the complete pathway, whereas OH~
ion may be more effective in others. These findings suggest that variable reaction conditions could
be employed for a more complete degradation process for malathion and similar organophosphorus
14 compounds.
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ABSTRACT

Malathion is a commercially available insecticide that functions by acting as an
acetylcholinesterase inhibitor. Of significant concern, if left in the environment, some of the
products observed from the degradation of malathion can function as more potent toxins than the
parent compound. Accordingly, there are numerous studies revolving around possible
degradation strategies to remove malathion from various environmental media. One of the
possible approaches is the degradation of malathion by OHe radicals which could be produced
from both artificial and biological means in the environment. While there is plenty of evidence
that OHe does in fact degrade malathion, there is little understanding of the underlying

mechanism by which OHe reacts with malathion. Moreover, it is not known how competitive the
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radical degradation pathway is with analogous alkaline degradation pathways. Even less is

known about the reaction of additional OHe radicals with the degradation byproducts themselves.

Herein, we demonstrate that OHe induced degradation pathways have variable competitiveness

with OH- driven degradation pathways and, in some cases, produce quite different reactivity.

KEYWORDS: Malathion, cholinesterase inhibitor, DFT, degradation kinetics, environmental
fate

*Corresponding author; email: Manoj.K.Shukla@usace.army.mil

INTRODUCTION

Organophosphorus compounds (OPCs) are commonly found in herbicides, pesticides, and
chemical warfare agents for much the same reason: they act as potent acetylcholinesterase
inhibitors. From an environmental perspective, the accumulation of OPCs in the environment can
negatively affect human health.! One such OPC, malathion, is used worldwide for pest control
on a variety of crops.? Due to its widespread utilization and potential for toxicity as an OPC,
extensive experimental studies have been conducted under various conditions on the degradation
of malathion, the pesticide’s effects on microbes and animals,>> and the development and
application of chemical or biological remediation techniques.* 2!

In our previous study, we demonstrated that under alkaline conditions, the initial degradation
products of malathion can break down further under those same conditions.?? In some instances,

the secondary or even tertiary breakdown products were known themselves to be toxic.?* There
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are several degradation studies that involve radical mechanisms, typically with OHe radical being
directly implicated.”- 1> 1% 2426 Various techniques involving TiO, have been reported examining
different aspects of the radical generation process including alloy composition,!? doping,'® and
synergistic effects with ozone,” 2* although in each case the overall objective is to generate OHe
from irradiation of TiO,. Others have explored stimulating Photosystem II in algae,” or even
using graphitic carbon nitride as photocatalysts.

While these degradation techniques have been studied for the removal of malathion, there is
little work in the literature on the underlying degradation mechanism involving OHe radical,
which would be useful for creating more effective remediation strategies. Yu and coworkers!?
provided a short discussion on a potential photocatalytic mechanism, but this discussion is
focused on the alteration of the TiO, surface to reduce recombination of the photoelectrons with
their holes and not on the interaction of the generated OHe radicals with malathion. Nicodemus
and coworkers® noted that hydrolysis of malathion by OHe under light conditions appears to
occur primarily through a nucleophilic attack mechanism. Indeed, there is literature precedent for
OHe reacting in this manner. De Vleeschouwer and coworkers?’ determined that several radicals
relevant to organic chemistry (including OHe) can demonstrate either electrophilic or
nucleophilic character. Furthermore, Pari and coworkers published a computational study in
2017 demonstrating that OHe can act as a nucleophile if an appropriate electrophilic site is
present on aromatic systems.?®

Unfortunately, a similar mechanistic study has yet to be extended to malathion. Further, in
most of these studies” 12 182426 jt is implied that the OHe radical is generated by an interaction of
an OH™ ion with the TiO, surface. If an OH™ ion is already present in the solution, there is a

possibility that malathion could have already undergone partial degradation to some of its myriad
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products. Because of this possible competition in reactivity, there is a need to compare the
alkaline and radical degradation mechanisms at multiple steps along the degradation pathway.
From this analysis we will be able to ascertain if alkaline or radical degradation is preferred at
any particular step. If a particular pathway is dominant, then designing remediation strategies
becomes more straightforward. On the other hand, if it is found that different pathways are
favored under different conditions, then this could inform the design of potential tandem
remediation strategies, e.g. processes are designed wherein the degradation products are
subsequently treated under different conditions than the degradation of the parent compound. To
that end, herein we examine the radical degradation pathways of malathion and several of its

plausible alkaline degradation products from our previous publication.

COMPUTATIONAL DETAILS

All computations were performed using the C.01 Revision of the Gaussian 16 suite of
programs.?® All geometries were optimized with the M06-2X density functional,®® the 6-
31G(d,p) basis set (employing cartesian d functions),?!-33 and the IEFPCM implicit solvation
model?*>* using parameters consistent with water as the solvent. Additionally, explicit water
molecules were also used (except where noted) to stabilize the hydroxide ion or hydroxyl radical
and facilitate the optimization of intended species and transition states. For computational
simplicity, all ethyl groups were truncated to methyl groups. Optimized geometries were
confirmed to be minima or transition states by a subsequent analytical frequency computation
yielding 0 (minimum) or 1 (transition state) imaginary modes at the same level of theory.

Transition states were also validated by connecting to respective reactants and products through
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the displacement of the TS geometry along the vector of the imaginary mode. The resulting
geometries of reactants and products obtained through this procedure were again fully optimized
to ensure their correctness. More reliable energies were obtained using single-point energy
computations with the more robust aug-cc-pVTZ>> 3% basis set. Free energies at these single-
point energy computations were obtained by applying the thermodynamic corrections from the
MO06-2X/6-31G(d,p) level of theory. The mechanistic discussion will use the relative energies
from MO06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory. M06-2X is considered to
provide reasonable thermodynamic data,® is consistent with prior literature (vide infira) in using
a triple-C basis set and is a fraction of the expense of analogous post-HF MP2 computations. For
completeness of data relative to prior literature, post-HF ab initio MP2 computations®’-6!
(MP2/aug-cc-pVTZ//M06-2x/6-31G(d,p)) were also performed and the analogous data are
available in the Supporting Information (SI) section. Overall, the trends in the data from MP2
computations are qualitatively consistent with the M06-2X results, although the specific may be
quite different. MP2 overestimating barrier heights is a known issue in the literature®® %2 and thus
the data from MP2 should only be considered with caution and with respect to prior literature on
this subject. Reaction timescales were determined by converting the computed free energy of

activation to a rate constant via the Eyring equation (Equation 1)

AGH
kg

__° T RT
k= he

where AG* is the Gibbs free energy of activation, kg is Boltzmann’s constant, and /4 is Planck’s
constant.

RESULTS AND DISCUSSION
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A common mechanism for malathion degradation is elimination by hydroxide ion (Figure 1,

black) to yield diethyl fumarate and a dithiophosphate, 2. Similarly, He abstraction by hydroxyl

oNOYTULT D WN =

radical (Figure 1, red) is also highly exergonic, albeit not as significantly as the reaction with a
10 hydroxide ion. However, after He abstraction the C-S remains intact with a radical electron
residing the B carbon, 3. While the bond is intact, this new radical species is likely quite fragile
15 and will continue to degrade through additional pathways. Additionally, the transition state
17 energies between these two reaction pathways are both quite low at 3.5 and 4.6 kcal mol! for
hydroxide ion and hydroxyl radical, respectively. These data demonstrate that generating radicals

22 or alkaline conditions will be suitable to facilitate this degradation pathway.
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Figure 1. Hydroxide- vs. hydroxyl radical-assisted elimination reactions of malathion at the
MO06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers
indicate relative free energies in kcal mol~!. Bolded numbers denote the compound numbers as
local minimum (standard) or transition state (leading “TS”) geometries. Atoms corresponding to
the hydroxide ion or hydroxyl radical are bolded and enlarged throughout the reaction. The

position of the negative charge or radical electron are also noted when localized to a single atom.

Additional considerations must be made for the possibility of subsequent and/or alternative

reaction pathways. In our previous publication,?”> we found that the hydroxide ion was able to
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react at multiple sites, and additional hydroxide ions could then continue to react to bring about
secondary and tertiary products, some of which were found to be toxic by other research
groups.?? Similar mechanistic pathways should be considered for reactions with hydroxyl
radicals. Because diethyl fumarate has been shown to be toxic to aquatic life,?? its degradation
pathway via OH~ was also compared to OHe and the results are shown in Figure 2. A proximal
OHe attacks a carbonyl carbon of 4 creating tetrahedral intermediate 5. While the association is
slightly endergonic (5.4 kcal mol™"), subsequent loss of a methoxyl radical to generate monoacid
6 is reasonably exergonic (—13.7 kcal mol™!). With OH-, 6 would rapidly deprotonate to form the
methanol and a carboxylate, 7. However, in the OHe sequence, the protonated structure 6, with a

proximal methoxy radical is more stable than the carboxyl radical structure 7. Additionally, TS2

and TS3 are notably higher in energy (AAG* = +10.8 and +7.0 kcal mol!, respectively) for the

OH?e pathway than OH". Given these data, degradation of diethyl fumarate by OHe is expected to
be significantly slower (reaction time scale of 1.80 s and 0.05 s) than with OH~ (reaction time
scale of 2.18x10® s and 3.84x1077 s) , albeit still plausible. It should be noted that the
degradation pathways in Figure 2 do not connect directly to those in Figure 1. Rather, Figure 2
assumes that malathion was previously degraded to dimethyl fumarate by an OH™ hydrolysis as
shown in Figure 1, byproducts have dissipated into solution, and the remaining compound can
now be degraded further by either additional OH~ or OHe. This break between reaction steps is
intentional and is done throughout the text to better focus on the differences between OH™ and

OHe for a particular reaction step.
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Figure 2. Sequential hydrolysis of A) dimethyl fumarate to methyl fumarate at the MO06-
2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers
indicate relative free energies in kcal mol~!. Bolded numbers denote the compound numbers as
local minimum (standard) or transition state (leading “TS”) geometries. Atoms corresponding to
the hydroxide ion or hydroxyl radical are bolded and enlarged throughout the reaction. The

position of the negative charge or radical electron are also noted when localized to a single atom.

Following the sequence in Figure 2, the MeOH byproduct can migrate away from methyl
fumarate and be replace by an additional OH~ or OHe. The subsequent degradation of methyl
fumarate 7 by OHe was computed and compared to degradation by OH™ and the resulting data
are shown in Figure 3. In the sequence in Figure 3, a proximal OHe attacks a carbonyl carbon of
8 creating tetrahedral intermediate 9. This association is significantly more endergonic than the
association in the previous step at 15.6 kcal mol™ (vs 5.4 kcal mol™! in Figure 2), although
subsequent loss of a methoxyl radical to generate 10 still makes the process overall exergonic at

—8.5 kcal mol™t. Again, with OH~ structure 10 would rapidly deprotonate to 11, whereas with

OHe, structure 10 with a proximal methoxy radical is more stable than 11 with a carboxyl

9
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radical. Additionally, TS4 and TS5 are again notably higher in energy (AAG* = +9.3 and +8.4

kcal mol™!, respectively) for the OHe pathway than OH-. Moreover, TS4 and TS5 are even
higher than TS2 and TS3, respectively. Given these data, degradation of methyl fumarate by
OHe is plausible, albeit rather unlikely to occur (TS4 timescale of 122 s vs 1.86x107 s for OHe
and OH-, respectively) relative to other degradation processes (i.e. OH") due to the significant

increase in the transition state energies.

H 0
°,
TS4 110 TS5 13.0 10 M /lk/ oy
...20.3 .2l s 0 /\”/
T MeO"-
. \H o]

H/
H &
\O_I.

\
\\
H AN

8 0.0 kcal mol™

/ OH
O\ oy Z ’6-/- 9.6
Hutnm Z —
mo H-O 8.5 11 512
| H—o™ o H o
Ve o A \ 2.1
H (e} Q\H
s 7, o
Me o /H 0
MeQ,
£ ¢}
H

Figure 3. Sequential hydrolysis of methyl fumarate to fumarate at the M06-2X/aug-cc-
pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers indicate relative
free energies in kcal mol~!. Bolded numbers denote the compound numbers as local minimum
(standard) or transition state (leading “TS”’) geometries. Atoms corresponding to the hydroxide
ion or hydroxyl radical are bolded and enlarged throughout the reaction. The position of the

negative charge or radical electron are also noted when localized to a single atom.
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After hydrolysis to fumarate, the olefin can react further to malate as shown in Figure 4. Again,
the MeOH byproduct from Figure 3 is first replaced by an additional OH~ or OHe to yield 12.
The association of OH~ to 12 via TS6 is quite endergonic (AG* = 27.9 kcal mol!). Although
subsequent steps make hydrolyzing the double bond exergonic overall, products 14 and 15 are
unlikely to be observed experimentally under alkaline conditions. However, the association of
OHe to 12 is quite facile (AG* = 5.3 kcal mol!). The resulting 13 can react further to complete
the generation of malate and the regeneration of an OHe radical and 14. In the sequence from 12
to 14, OH- is effectively catalytic. Following this sequence, there is a possibility for the OHe to
migrate from the carboxyl group of 14 to the OH group of 16. From 16, the OH* radical can
abstract an H atom through a facile TSS8, to generate a partially decarboxylated structure 17
(Figure 4) in which the unpaired electron is delocalized between the two fragments. It is feasible

that CO, would be fully liberated from this structure thus resulting in degradation of malate.

11
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32 Figure 4. A) Fumarate to malate (12 — 15) and B) decarboxylation of malate (16 — 17) at the
34 MO06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers
37 indicate relative free energies in kcal mol~!. Bolded numbers denote the compound numbers as
39 local minimum (standard) or transition state (leading “TS”) geometries. Atoms corresponding to
41 the hydroxide ion or hydroxyl radical are bolded and enlarged throughout the reaction. The

position of the negative charge or radical electron are also noted when localized to a single atom.

48 At each reaction step, hydrolysis of the OMe groups of fumarate by OHe will be significantly
>0 slower than with OH™ (TS2, TS3, TS4, TSS). However, breaking the double bond of fumarate to

53 form malate (TS6 and TS7) is prohibitively high in energy with OH~ (TS6 timescale of 4.55x107

56 12

H (o8
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s) but is quite facile with OHe (TS6 timescale of 1.24x107 s). Additionally, OHe can further
degrade malate. Structure 17 shows the partial decarboxylation with the unpaired electron
delocalized between the C and O atoms of the two fragments. Despite repeated attempts, an
analogous transition state with OH~ was not located for TS8. These data demonstrate that,
although plausible, under radical degradation conditions, diethyl fumarate is much less likely to
degrade by a hydrolysis-like mechanism. Conversely, if the fumarate dianion is already
generated from another degradation process, it can undergo an additional degradation and
potentially decarboxylation step via OHe that is not readily available with OH". These data
indicate that variable treatment methodologies could be employed to effeciently remove not only

the initial contaminant, but also the degradation products.
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Figure 5. Initial a-ester degradation at the M06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of
theory in bulk water. Non-bolded numbers indicate relative free energies in kcal mol~'. Bolded

numbers denote the compound numbers as local minimum (standard) or transition state (leading
13

Page 14 of 28



Page 15 of 28

oNOYTULT D WN =

Environmental Science: Processes & Impacts

“TS”) geometries. Atoms corresponding to the hydroxide ion or hydroxyl radical are bolded and
enlarged throughout the reaction. The position of the negative charge or radical electron are also

noted when localized to a single atom.

In addition to the elimination type reaction and its degradation products shown in Figures 1-4,
the ester groups can be hydrolyzed first.> The data in Figure 5 show OH~ or OHe initially
attacking the ester at the a position relative to the S of the phosphate group. We find that with
OH- the degradation is both facile (TS9 timescale of 1.24x107? s) and quite exergonic. However,
with OHe, the initial association, TS9, is quite endergonic (AG* = 17.5 kcal mol™!, timescale of
1.08 s) with a mildly endergonic intermediate 19. The subsequent dissociation of an OMes-,
TS10, has a lower free energy of activation than the association step, indicating that if 19 is
formed, 20 will almost certainly be formed. Once 20 is formed, the dissociated methoxy group
picks up an H atom from a neighboring water molecule effectively regenerating the OHe radical.
However, in a similar vein to dimethyl fumarate degradation (Figure 2), it is lower in energy for
the carboxyl group to retain the H atom and to have a proximal MeOe radical, 21 (in red).
Although, once the OMee migrates away in bulk solution, the carboxyl group will likely become
deprotonated again.

After the a site is hydrolyzed, and exchange of the MeOH byproduct for an additional OH~ or
OHe, the B site can react next as shown in Figure 6. Both the association of an OH™ to the B site,
TS11, and dissociation of a OMe group, TS12, are slightly higher than their counterparts (TS9
and TS10 in Figure 5), indicating that hydrolysis of the second ester group will be slower than
the first. These results are qualitatively similar if the order is reversed (i.e. B then a, compounds

25-32 in Figures S1 and S2 in the Supporting Information). Association of an OHe to the B
14
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position, TS11, is also higher than at the a position, TS9. However, the dissociation of the OMe
group via TS12 is prohibitively high in energy with a free energy of activation of 30.6 kcal mol~!
(timescale of 4.33x10° s). These data indicate that once the a position has been degraded, the B
position will not degrade with OHe. Conversely, both the B and a positions can be degraded by
OHe, but only if the B position reacts first (see Supporting Information). Overall, the degradation

of the a or B ester positions of malathion by OHe is plausible, but significantly slower than

degradation by OH~
TS12.- "~
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Figure 6. B-ester degradation following a-ester hydrolysis at the M06-2X/aug-cc-pVTZ//MO06-
2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers indicate relative free energies
in kcal mol~!. Bolded numbers denote the compound numbers as local minimum (standard) or
transition state (leading “TS”) geometries. Atoms corresponding to the hydroxide ion or
hydroxyl radical are bolded and enlarged throughout the reaction. The position of the negative

charge or radical electron are also noted when localized to a single atom.
15
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While the degradation of the ester groups are quite slow via OHe radical, it is quite facile under
alkaline conditions. Once the ester groups have been hydrolyzed by either method, and the
byproduct MeOH replaced with an additional OH~ or OHe, the phosphate group can still be
reactive as shown in Figure 7. With an OH™ ion this degradation is a multistep process wherein
the OH™ ion first associates to 33 to generate a 5-coordinate intermediate 34. This intermediate
then reorganizes and subsequently breaks the P-S bond (35 — 36). However, this reaction
sequence is quite different with OHe radical. The free energy of activation for association of OHe
is significantly higher than OH~ (15.6 vs 6.2 kcal mol"). Passing through TS17 generates
intermediate 37 (in red), however once the 5-coordinate intermediate has been generated, the
unpaired electron reorganizes to be located on the alkyl chain which prompts decarboxylation at
the a position. This decarboxylation is quite similar to when fumarate dianion is subjected to an
additional radical reaction (see 16—17 in Figure 4), albeit significnaly slower (timescale of
4.38x107% s vs 5.64x107 s for OHe and OH-, respectively) due to the higher energy transition

state (15.6 vs 4.6 kcal mol™).

16
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Figure 7. Degradation of P-S bond following ester degradation at the MO06-2X/aug-cc-
pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers indicate relative
free energies in kcal mol-!. Bolded numbers denote the compound numbers as local minimum
(standard) or transition state (leading “TS”’) geometries. Atoms corresponding to the hydroxide
ion or hydroxyl radical are bolded and enlarged throughout the reaction. The position of the

negative charge or radical electron are also noted when localized to a single atom.

A similar degradation of the phosphate center is possible with the parent malathion. Although
our previous publication indicated this pathway was less likely than ester hydrolysis or
elimination, this pathway was still accessible and should therefore be investigated with OHe;
these data are shown in Figure 8. Under alkaline conditions, association of the OH~ ion, TS19, is

accessible and generates the 5-coordinate intermediate 39. A second step, TS20, results in

17
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formation of the thiolate ester and a free phosphate, 40. However, with OHe radical, the
formation of 40 occurs in a single step, TS21, with a rather high free energy of activation (19.7
kcal mol™). Although it is still accessible at room temperature, compared to the previous
degradations discussed (vide supra) this pathway is not very likely to occur (timescale of 44 s for

TS21 vs 3.66x107 s for TS19).

H
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MeO S
., 19.7
q OMe o TS19 ..
, [ OHe 14,777
MeO
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% OMe _48.4

OMe

Figure 8. Degradation of P-S bond of malathion at the M06-2X/aug-cc-pVTZ//M06-2X/6-
31G(d,p) level of theory in bulk water. Non-bolded numbers indicate relative free energies in
kcal mol!. Bolded numbers denote the compound numbers as local minimum (standard) or
transition state (leading “TS”) geometries. Atoms corresponding to the hydroxide ion or
hydroxyl radical are bolded and enlarged throughout the reaction. The position of the negative

charge or radical electron are also noted when localized to a single atom.
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Because the OH~ degradation of the P-S bond was still plausible, the subsequent degradation
(after dissipation of the byproduct phosphate in 40) of the ester thiolate with an additional OHe
was also investigated; these data are shown in Figure 9. These sequences display similar trends
in the ester degradations to those in Figure 5 and Figure 6. With OH", the initial association to
the a position, TS22, is quite low at 4.4 kcal mol™!, but is higher in energy than the subsequent
dissociation of methanol, TS23, thus indicating that 43 is highly likely to form from 41. With
OHe the association and dissociation trends are similar to OH". Although, the initial association,
TS22, is quite high (22.9 kcal mol™!) and therefore unlikely to occur at room temperature
(timescale of 983 s for OHe vs 2.70x107'° s for OH"). Going one step further, if thiolate ester 41
is first degraded by OH, the resulting structure 43 could then exchange the byproduct MeOH for
an additional OH~ or OHe and be further degraded. Degradation by OH™ is exergonic and has a
moderate free energy of activation for each step (10.4 and 9.6 kcal mol™!' for TS24 and TS25).
Degradation of the B position by OHe is more accessible with TS24 at 16.0 kcal mol™!' and thus
plausible at room temperature (timescale of 8.61x1072 s), although still notably slower than with
OH~ (timescale of 6.76x10°¢ s). Both the o and B ester degradations show that with OH-, the
methoxy group dissociates as methanol, whereas with OHe it is lower in energy for the carboxyl
group to retain the proton as a carboxylic acid with a proximal OMee. Although the carboxylic
acid is likely to deprotonate once the OMee migrates away into bulk solution. This trend is

similar to the other ester degradations discussed previously.
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33 Figure 9. Sequential hydrolysis of the ester groups (o then B) from the bis-ester thiol at the
36 MO06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Non-bolded numbers
38 indicate relative free energies in kcal mol~!. Bolded numbers denote the compound numbers as
40 local minimum (standard) or transition state (leading “TS”) geometries. Atoms corresponding to
the hydroxide ion or hydroxyl radical are bolded and enlarged throughout the reaction. The

45 position of the negative charge or radical electron are also noted when localized to a single atom.

CONCLUSIONS
52 Herein we have compared the various degradation pathways of malathion involving OH™ ion to

>4 analogous degradation reactions with OHe. In total, the free energies of activation for the OH-
55
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ion pathways tend to be lower than the analogous transition states for the OHe pathways, albeit to
various degrees. In the case of an elimination type reaction, the two are effectively competitive,
whereas for the ester hydrolysis type reactions OHe is still accessible, although significantly,
slower. Conversely, OH" is kinetically incapable of converting fumarate into malate, but this
transformation is facile with OHe. Furthermore, once the ester groups have been hydrolyzed
from fumarate or malathion, additional OHe radicals further prompt decarboxylation of these
compounds thus offering different endpoints to the degradation sequence. These data clearly
show that while malathion (and some of its degradation products) can be degraded by either OHe
or OH-, some pathways can be significantly faster or altogether different with OHe than what is
available through OH~ alone. These differences in reactivity can potentially be leveraged in
multi-step remediation strategies wherein the still toxic by-products from the degradation of the
primary contaminant can still be further degraded by changing reagents and/or reaction

conditions.
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