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Simple Summary: Once the pesticides are released in the environment, a battle starts to remove
them and prevent their negative effects on the species for which their use was not planned. For
example, organophosphate pesticide dimethoate inhibits an important enzyme in the nervous
system and in such a way affects all the organisms which have that enzyme. It includes humans,
while its toxicity towards honey bees is extreme. To make the situation worse, if dimethoate is
oxidized to omethoate, it becomes 100 times more toxic. However, if we understand how dime-
thoate transforms and decomposes in the environment, we can develop a strategy for protecting
endangered organisms and plan the removal of dimethoate efficiently. Here we investigated how
dimethoate decomposes in aqueous solutions and a model of contaminated water, depending on
whether the solution is acidic or alkaline, in other words, its pH. We found that dimethoate and
omethoate decompose rapidly in alkaline solutions, but they are very stable in acidic ones and
explained this difference using atomic-level modeling. Using the obtained data, now it is possible
to predict how long dimethoate and omethoate will be present in contaminated water and how
toxic this water will be depending on its pH.

Abstract: Organophosphate pesticides are used in large quantities. However, they exhibit toxic
effects on non-target organisms. Dimethoate and its oxo-analog omethoate inhibit acetylcholin-
esterase and are toxic for mammals. Moreover, they show extreme toxicity for bees. Once in the
environment, they undergo chemical transformations and decomposition. We show that dime-
thoate and omethoate decompose rapidly in alkaline aqueous solutions (half-lives 5.7 and 0.89
days) but are highly stable in acidic solutions (half-lives 124 and 104 days). These differences are
explained using quantum chemical calculations, indicating that a weaker P-S bond in omethoate
is more susceptible to hydrolysis, particularly at a high pH. The toxicity of these pesticides solu-
tions decreases over time, indicating that no or very little highly toxic omethoate is formed during
hydrolysis. Presented data can be used to predict dimethoate and omethoate concentrations in
contaminated water depending on pH. Presented results suggest that alkaline hydrolysis of or-
ganophosphates has an advantage over other techniques for their removal since there is no risk of
omethoate accumulation and increased toxicity of contaminated water.
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1. Introduction

Dimethoate(Figure 1, a) is an organophosphorus pesticide (OP) with contact and
systemic action. It is in use against many insects in agriculture and the housefly’s con-
trol. Dimethoate is known for its moderate toxicity to mammals. The US EPA classified
it as a possible human carcinogen based on tumor occurrence in exposed mice (US EPA,
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Interim Re-registration Eligibility Decision for Dimethoate. US EPA, Washington DC
20460 2006.). Like other organophosphates, the acute toxicity of dimethoate is caused by
its inhibition of acetylcholinesterase (AChE) [1]. The oxidation of dimethoate leads to
the formation of its oxo-analog, omethoate (Figure 1, b), which is more toxic towards
acetylcholinesterase than the respective parent compound. Heavy contamination of
aquatic ecosystems by dimethoate can lead to mass mortality of fish and other organ-
isms. Omethoate may also be found in the environment due to different oxidizing
agents in water and soil [1].

The domesticated honey bees (Apis mellifera L.) are considered one of the most
important pollinators for agricultural crops and wild plants worldwide. However, in
Europe and North America, honey bee populations have been noticeable declining
during the last few decades [2]. Besides parasites, pathogens, poor nutrition, queen
failure, migratory stress, and habitat loss, the decline of pollinator species is related to
pesticide use in agricultural landscapes [3]. The sensitivity of domesticated honey bees
to dimethoate is well-known for many years [4,5]. Furthermore, many recent studies
found that dimethoate is highly toxic to bees [6]. The LDso of dimethoate to honey bees
is estimated to be 180 ng/bee[7]. In concentrations as low as 0.2 pg/g, dimethoate can
decrease bee species weights [3], induce larval mortality [8], and injure the hypopha-
ryngeal glands of nurse bees [9,10]. Besides, exposure to dimethoate has a negative
impact on the structure and composition of the gut microbiota of honey bees [11].
Consequently, these changes induce alterations in bees’ nutrition, metabolism, and be-
havior[12-14].

For all mentioned reasons, it is important to have a thorough understanding of the
environmental fate of dimethoate and its analog omethoate to mitigate the negative
impacts on the environment and the population of bees.
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Figure 1. The structures of dimethoate (a) and omethoate (b) optimized using first-principles
calculations (see further). The structures are presented using a ball and stick model. The following
color code is used: blue — carbon, red — oxygen, purple — phosphorus, lite blue — nitrogen, white —
hydrogen, and yellow — sulfur.

Due to dimethoate’s high water solubility and low soil persistence, its potential to
runoff into surface waters and leaching into groundwater is high [15]. The most im-
portant degradation pathways of dimethoate in the environment are hydrolysis, pho-
tolysis and microbiological degradation [15]. The photocatalytic oxidation and micro-
bial metabolism of dimethoate often have omethoate as the final product, which is not
desirable due to its extreme toxicity. On the other hand, hydrolytic degradation is the
main inactivating pathway of dimethoate in the environment and typically gives no
omethoate as the final product. The hydrolysis of dimethoate is mostly dependent on
the temperature and pH [16].

Surprisingly, the systematic data for dimethoate and omethoate pH-dependent
stability are missing in the literature. Thus, the aim of the present work is to investigate
the kinetics of dimethoate and omethoate hydrolysis in aqueous media at different pH
(from 3 to 9) and explain the observed trends. In addition, the work thoroughly ad-
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dresses the toxicity of dimethoate and omethoate hydrolysis products, which is essen-
tial for tailoring efficient strategies for dimethoate and omethoate removal from water.

2. Materials and Methods
2.1. Stability of dimethoate and omethoate in aqueous buffer solution

The stability of dimethoate and omethoate on different pH was investigated in 50
mM phosphate buffer solution with pH ranging from 3 to 9. The solutions of OPs were
incubated at a temperature of 25 °C in a laboratory orbital shaker (Orbital Shak-
er-Incubator ES-20, Grant-bio) for 70 days. The concentrations of investigated OPs were
measured as described below in aliquots taken at relevant time points.

2.2. UPLC analysis

For measuring the concentration of dimethoate and omethoate, Waters ACQUITY
Ultra Performance Liquid Chromatography (UPLC) system, coupled with a tunable UV
detector controlled by the Empower software, was used. Chromatographic separations
were run on an ACQUITY UPLC™ BEH C18 column with the dimensions 1.7 pm, 100
mm x 2.1 mm (Waters). The analyses of dimethoate and omethoate solutions were done
under isocratic conditions with a mobile phase consisting of 10% acetonitrile and 90%
water (v/v). The eluent flow rate was 0.25 mL min, and the injection volume was 5 uL.
Optical detection for both OP was done at 200 nm. Under described conditions, reten-
tion times of dimethoate and omethoate were 2.65+0.05 min and 1.12+0.05 min, respec-
tively.

2.3. Toxicity measurements

AChE inhibition measurements were performed to follow and quantify changes in
the toxicity of dimethoate and omethoate and investigate if there are any transfor-
mations of OPs into more toxic forms upon hydrolysis on different pH. These trans-
formation products could exert harmful effects at concentrations below the detection
limits of UPLC. AChE activity was assayed according to modified Ellman’s procedure
[17]. The method is described in detail in our previous work[18], and here we provide it
for the sake of completeness. The in vitro experiments were performed by exposure of
0.5 IU commercially purified AChE from electric eel to OP solutions obtained in ad-
sorption experiments at 37 °C in 50 mM PB pH 8.0 (final volume 0.650 mL). The enzy-
matic reaction was started by the addition of acetylcholine-iodide (AChI) in combina-
tion with 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) as a chromogenic reagent and al-
lowed to proceed for 8 min until stopped by 10% sodium dodecyl sulfate (SDS). The
enzymatic reaction product, thiocholine, reacts with DTNB and forms
5-thio-2-nitrobenzoate, whose optical adsorption was measured at 412 nm. It should be
noted that in these measurements, the enzyme concentration was constant and set to
give an optimal spectrophotometric signal. Physiological effects were quantified as
ACHE inhibition given as:

ACHhE inhibition = 100 x (Ao — A)/Aq, )

whereAo and A stand for the AChE activity in the absence of OP and the one measured
after the exposure to a given OP.

2.4. Theoretical calculations

All quantum chemical calculations were performed with the Gaussian soft-
ware[19]at the M06-2X/6-311++G(d, p)[20-25] level using an ultrafine integration grid.
Bader charges were obtained with the AIMAII[26] program package. The solvent (wa-
ter) was added implicitly using the polarizable continuum model[27].

3. Results
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3.1. Dimethoate and omethoate decomposition over time

The concentration of dimethoate and omethoate was monitored in tap water and
phosphate buffers with pH ranging from 3 to 9,as described in Section 2.2. for70 days
using UPLC analysis. PDA signals of dimethoate and omethoate at pH 3, 6 and 9
immediately after starting the experiments (Day 0, 25 °C) arepresented in Figure 2.
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Figure 2. PDA signals of dimethoate and omethoate at three different pH values immediately after starting the
experiments (Day 0, temperature 25 °C).

The time dependence of dimethoate and omethoate concentration is presented in
Figure 3. It was shown that the spontaneous concentration decay of dimethoate (Figure
3, a) and omethoate (Figure3,b) over time is rather fast in buffers with neutral and
alkaline pHand tap water (pH 6.5). On the other hand, in buffers with acidic pH, the
decrease of both OPs concentrations was also noticeable but at a lower rate. Different
rate orders for the hydrolysis process were checked. In all the cases, the decay of OPs’
concentration fitted the best to the exponential one and followed the pseudo-first-order
kinetics. Hence, the hydrolysis rate constants (kn) were obtained by direct fitting the
experimental data into the equation:

Ct = Coe_kht (2)

where Ct and Co are the remaining OPs concentrations at a given time (t) and the initial
OPs concentration. The obtained rate constants are given in Table 1. The presented data
shows that hydrolysis rate constants are decreasing with the pH of OP solution in all
studied cases. Also, for the same pH in neutral and alkaline conditions, the rate con-
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stants were higher for dimethoate than for omethoate by a factor of 4.5 — 6.5. The hy-
drolysis rate constants were also higher for dimethoate in the acidic conditions, but the
difference was not as prominent (up to a factor of 2).
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Figure 3.Dependence of dimethoate (a) and omethoate (b) concentration over 70 days at pH from 3 to 9 (25 °C).

Table 1. The rate constants (kn) calculated for the decay of dimethoate and omethoate in 50 mM phosphate buffers with pH ranging
from 3 to 9 and tap water.R? is provided as a measure of the quality of the fit.

or pH kn/ d? R2
9 (1.21 +£0.30) x 101 0.91
8 (0.61£0.12) x 101 0.92
7 (0.444 +0.058) x 10! 0.95
6 (1.22 £0.12) x 102 0.92
dimethoate
5 (8.5+1.2) x10-3 0.85
4 (5.79 £ 0.79) x 103 0.85
3 (5.59 £0.81) x 103 0.83
Spiked tap water (pH = 6.5) (4.27 £ 0.65) x 102 0.92
9 (79+1.9) x 101 0.84
8 (3.04 £0.53) x 101 0.93
7 (2.01 £0.36) x 101 0.94
6 (5.93 £ 0.85) x 102 0.95
omethoate
5 (4.11+£0.21) x 102 0.991
4 (8.04 £0.67) x 103 0.94
3 (6.66 £0.63) x 103 0.93
Spiked tap water (pH = 6.5) (2.10 £0.13) x 102 0.993

The obtained hydrolysis rate constants for dimethoate and omethoate were further
used to determine the half-life (f12) of these OPs under the given experimental condi-

tions. The half-lives were estimated as:
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Figure 4.Estimated half-lives (t12) for dimethoate and omethoate in aqueous solutions as a func-
tion of pH (25 °C). The rate constants for spiked tap water are indicated using horizontal lines.

3.2. Toxicity of dimethoate and omethoate solutions over time

Dimethoate solutions of initial concentration 1x10-“*moldm-were left in phosphate
buffers (pH ranging from 3 to 9,25 °C) and in tap water for ten days to monitor the tox-
icity of the spontaneous hydrolysis products. The toxicity of dimethoate solutions was
estimated via the AChE inhibition test as described in Section 2.3. The aliquots for AChE
inhibition testing were taken at the start and after 1, 2, 6 and 10 days. The results are
given in Table 2.

Table 2. Toxicity of dimethoate solution over 10 days at pH from 3 to 9. The initial concentration of dimethoate was
1x10-4 mol dm=3(25 °C)

AChE activity inhibition (% of control)

pH Day 0 Day 1 Day 2 Day 6 Day 10
3 34+2 33+2 33+2 30+2 31+2
4 36+3 34+2 34+1 31+1 30+2
5 34+2 32+3 30+2 30+3 30+1
6 32+1 30+3 30+2 29+2 29+1
7 32+2 31+2 29+2 26+1 25+2
8 32+2 28+1 24+1 20+1 17£1
9 33+3 22+2 20+2 13+1 10+1
Spiked tap water (pH 6.5) 32+2 301 30+2 24+1 21+1

Besides the measurements of AChE activity inhibition for ten days, we have also
mapped the AChE activity inhibition using the measured concentration of dimethoate
over time (Ct) and the inhibition curve of dimethoate. The results are presented in
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Figure 5, showing a rapid decrease of acute toxicity of water contaminated with
dimethoate at pH above 7.
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Figure 5. Maped AChE activity inhibition of water contaminated with dimethoate in the
pH range 3-9 over 70 days. The patterned region shows the conditions under which
ACHhE activity inhibition drops under 2 % of control.

3.3. Theoretical analysis of dimethoate hydrolysis in alkaline and acidic solutions

First, we will address the alkaline hydrolysis of the two species. The reaction oc-
curs according to the SN2 mechanism, leading to the P-S bond rupture. We performed
partial optimizations for fixed O-P distances starting from 2.20 A (Figure 6). Electronic
energy with respect to separated reactants and P-S bond length in partially optimized
structures are presented in Table 3.System stabilization as the distance between the two
reactants decreases is accompanied by P-S bond elongation.

Table 3.Results of partial optimization for fixed O-P bond distances. The values on the
left/right correspond to dimethoate/omethoate. Electronic energy (Ee) is reported in
kcalmol with respect to separated reactants, while bond lengths (r) are given in
A.“diss” stands for dissociation.

r(O-P)/ A Eel / kcalmol-! r(P=S)/ A
2.20 -6.7/-5.3 2.232/2.230
2.10 -10.5/-9.0 2.255/2.258
2.00 -14.6 /-13.2 2.281/2.291
1.90 -18.8/-17.4 2.311/2.334
1.80 -22.2/-21.1 2.356 /2.403
1.70 -23.7 / diss 2.425 [ diss
1.60 diss / - diss / -
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Figure 6. The attack of OH- ion approaching the P-S moiety of dimethoate (top row) and O-P moiety omethoate (bot-
tom row), leading to hydrolysis.

We find that in an acidic environment, the dissociation of the P-S bond takes place
according to the following mechanism: (7)attachment of a single proton to the nitrogen
atom, the carbonyl oxygen atom or the -S- atom results in the formation of a protonated
species (in case P-S(H*)-C is formed, the P-S bond weakens, which is reflected in its
lengthening by 0.221 A); (ii) attaching another H* ion to the -S— atom breaks the P-S
bond.

4. Discussion

The fundamental understanding of OP hydrolysis mechanisms is of uttermost
importance for precise planning of OPs disposal and removal[27]. One of the main re-
sults of our work is that omethoate hydrolysis is faster compared to dimethoate. Using
the results of theoretical calculations, this can be explained by the fact that starting from
#(O-P) =2.10 A, the P-S bond is longer (i.e., weaker) in omethoate (Table 3). Moreover,
at r(O-P) = 1.70 A, omethoate decomposes, whereas dimethoate still exists, although
with a significantly weakened P-S bond (Figure 6). These results suggest that omethoate
is less stable than dimethoate in the presence of hydroxide ions. Also, we find that hy-
drolysis is faster in alkaline media. We note that there are six electronegative atoms in
dimethoate: three oxygen atoms, one nitrogen atom and two sulfur atoms. Charges of
the O and N atoms are lower than -1.000 ¢, whereas charges of the S= and —-S- atoms
amount to -0.733 and —0.251 e, respectively. Hence, the reason for slow hydrolysis of
dimethoate under acidic conditions lies in the presence of six electronegative atoms,
while protonation of only specific sites (see section 3.3) leads to the P-S bond dissocia-
tion.

The results presented in Figure 4 show that the estimated half-lives for dimethoate
and omethoate in an aqueous solution decrease with the increase of pH but not in a
linear fashion. Above pH 6, the half-life is highly sensitive to the change of pH. At pH 9,
half-lives of both dimethoate and omethoate are very small and rather close (5.7 days
for dimethoate and 0.89 days for omethoate). As pH decreases, the difference between
half-lives for studied OPs increases and reaches its maximum at pH 5 (17 days for
omethoate and 81 days for dimethoate). With pH further changing to more acidic, this
difference decreases. However, the half-lives for dimethoate are still appreciably higher
than for omethoate (104 days for omethoate and 124 days for dimethoate at pH 3). From
the theoretical calculations, it is obvious that the structure of OP determines its stability
under different pH conditions. Dimethoate is more stable than omethoate, which is
similar to the cases of parathion and paraoxon and diazinon and diazoxon[28,29]. Par-
athion and diazinon (and their oxo-forms) have certain similarities, both containing
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aromatic rings bonded to the SPOs moiety. However, dimethoate has aliphatic groups
bonded to S2PO: moiety. Also, the stability of these molecules differs in terms of pH
dependence. For parathion and paraoxon, the half-lives decrease monotonically with
pH, but diazinon and diazoxon reach maximum in near-neutral solutions. Obviously,
careful work is needed to fully resolve the link between the OPs structure and their
stability under different pH in aqueous media.

Importantly, it is obvious that matrix effects in spiked tap water have a minor
impact on the rate of hydrolysis (Table 2). Thus, the presented results can be used to re-
liably estimate dimethoate and omethoate half-lives in aqueous media based on pH
only.

Finally, from the data presented in Table 2, it can be concluded that the inhibition
of AChE activity decreased monotonically over time in all samples tested. While in
some cases, small amounts of omethoate can be found at the beginning of the experi-
ment (see Figure 1, PDA signals for dimethoate at pH 9), there is no accumulation of
omethoate which would cause an increase of toxicity of contaminated aqueous solu-
tions. As there is no accumulation of omethoate, although we have not determined the
hydrolysis products, it can be safely concluded that omethoate is not the hydrolysis
product or that it is being produced in minor quantities. Namely, one should keep in
mind that it is roughly 100 times [1] more toxic than dimethoate and that only 1 percent
dimethoate converted to omethoate would result in doubled toxicity. Therefore, by
combining the results of pH stability of dimethoate with its AChE inhibition curve,
AChE activity inhibition of contaminated water samples can be reliable predicted for
the period of up to 70 days, as done in Figure 5.

5. Conclusions

Dimethoate and omethoate hydrolyze at different rates, and the hydrolysis of
omethoate is faster than hydrolysis of dimethoate. During hydrolysis, there is no ac-
cumulation of omethoate, which is much more toxic than dimethoate. As the rate con-
stant of dimethoate and omethoate rapidly increases with pH in alkaline media, it is
suggested that alkaline hydrolysis is a suitable way for the removal of dimethoate from
water, as, unlike, for example, some cases of microbial degradation and photocatalytic
oxidation, it does not lead to accumulation of more toxic product during the degrada-
tion process. Hence, if alkaline hydrolysis is used for dimethoate (and omethoate) re-
moval, no special care should be taken for monitoring the degradation process as the
risk for the formation of toxic products is nonexistent. The matrix effects in tap water
have a negligible impact on dimethoate and omethoate hydrolysis rate, so the presented
data can be safely used to estimate dimethoate and omethoate half-lives in contami-
nated water. Moreover, the toxicity data can be used to evaluate acute toxicity upon
water contamination, measured as the AChE inhibition. The estimations for longer pe-
riods (beyond ten days) can be done using the combination of the stability data and the
AChE inhibition curve for dimethoate.
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