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Compound-specific isotope analysis (CSIA) has been established as a tool to study the environmental fate
of a wide range of contaminants. In this study, CSIA was developed to analyse the stable carbon isotope
signatures of the widely used organophosphorus pesticides: dichlorvos, omethoate and dimethoate. The
linearity of the GC-C-IRMS system was tested for target pesticides and led to an acceptable isotope com-
position within the uncertainty of the instrument. In order to assess the accuracy of the developed
method, the effect of the evaporation procedure on measured carbon isotope composition (8'3C) values
was studied and showed that concentration by evaporation of solvents had no significant isotope effect.
The CSIA was then applied to investigate isotope fractionation of the hydrolysis and photolysis of selected
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ger{g”;vsggiosphoms pesticides pesticides. The carbon isotope fractionation of tested pesticides was quantified by the Rayleigh model,
Dichlorvos which revealed a bulk enrichment factor (¢) of —0.2 +0.1%. for hydrolysis of dichlorvos, —1.0 £ 0.1%0
Omethoate and —3.7 £ 1.1%0 for hydrolysis and photolysis of dimethoate respectively. This study is a first step
Dimethoate towards the application of CSIA to trace the transport and degradation of organophosphorus pesticides
CSIA in the environment.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

A growing food demand in the world forces intensive agricul-
ture accompanied by releasing of a variety of agrochemicals into
the environment. There are public concerns regarding the use of
pesticides and adequate monitoring of the fate of pestidies is an
urgent objective. Today, over 500 compounds are registered world-
wide as pesticides, or metabolites of pesticides, of which organo-
phosphorus compounds are a highly diverse family of organic
chemicals used in high amounts. For example, the annual produc-
tion of organophosphorus pesticides (OP pesticides) is more than
100.000t in China, which accounts for more than 80% of total
pesticide production (Liu, 2010). In our study we focused on three
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representatives from the group of OP pesticides: dichlorvos, ome-
thoate and dimethoate. These three OP pesticides are widely used
in China, are of public concern, and are on the list of Priority Mon-
itoring Pesticides published by the Ministry of Environmental Pro-
tection of the People’s Republic of China due to their high toxicity,
frequent use and appearance (Jiang, 1993).

Dichlorvos (2,2-dichlorovinyl dimethyl phosphate) is a volatile
organophosphorus insecticide with fumigant and penetrant action.
It is predominantly used as a fumigant or spray for stored grain and
for grain handling equipment (Oncescu et al., 2010). Dimethoate
(0,0-dimethyl S-[2-(methylamino)-2-oxoethyl] dithiophosphate)
is an OP pesticide which has both direct and systemic action
against a broad range of insect pests. It is considered as ‘moder-
ately hazardous, class II' compound by WHO with a permissible
limit of 0.006 mgL~! in drinking water. Omethoate (2-[(dimeth-
oxyphosphoryl)sulfanyl]-N-methyl-acetamide) is an structural
analog of dimethoate, and appears to play a dominant role in the
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toxicity of dimethoate for insects and mammals. These pesticides
may be characterised by classical analytical methods, like GC and
LC in combination with different detection techniques, like FID,
ECD, NPD and MS (Pappas and Kyriakidis, 2003; Evgenidou et al.,
2006; Priya et al., 2011). The complexity of aquatic systems always
makes it difficult to assess degradation based on concentration
data alone, especially, to distinguish degradation from dilution
processes in the environment.

Recently, CSIA has opened a promising avenue to study the con-
taminants behaviours in the environment employing isotope frac-
tionation to trace reactivity. The stability of chemical bonds is
dependent on the mass of substituent thus higher activation
energy is needed to cleave a bond formed by heavy isotopomers
leading to kinetic isotope fractionation in chemical processes
(Bigeleisen and Wolfsberg, 1958). This principle controls the reac-
tivity of the individual stable isotopes in the environment and
determines isotope fingerprints during synthesis of organic com-
pounds. The isotope composition provides clues that can be used
to identify sources, transformation reactions, and sinks of organic
compounds in the environment (Meckenstock et al., 2004). The
coupling of gas chromatographs with IRMS makes it possible to
analyse isotope ratios of individual compounds in complex mix-
tures and is known as CSIA. CSIA has offered novel avenues to trace
transformation processes of contaminants in complex environ-
ments because it can be used to identify (Hirschorn et al., 2004;
Elsner et al.,, 2005; Fletcher et al., 2009; Hofstetter and Berg,
2011) and quantify (Abe and Hunkeler, 2006; Aeppli et al., 2010)
transformation reactions by determining the isotope composition
of organic compound. Over recent years, CSIA has become an
increasingly valuable tool and has been applied to study several
groups of contaminants, mostly including benzene homologues
(Mancini et al., 2003; Fischer et al., 2008), chlorinated ethenes
(Vieth et al., 2003; Van Breukelen et al., 2005; Nijenhuis et al.,
2007), petroleum hydrocarbons (Richnow et al., 2003a, 2003b),
and fuel oxygenates (Mckelvie et al., 2007; Rosell et al., 2007,
2010, 2012). CSIA has been developed for several pesticides, such
as Lindane (Badea et al., 2009), isoproturon (Penning et al., 2010)
and 2,6-dichlorobenzamide (BAM) (Reinnicke et al., 2012). How-
ever, to our best knowledge, the evaluation of OP pesticides by
CSIA has, to date, not been reported.

The aim of this study was to develop a method for the analysis
of carbon isotope signatures of three OP pesticides (dichlorvos,
omethoate and dimethoate) extracted from aqueous samples and
to explore the applicability of CSIA to characterise the transforma-
tion of OP pesticides. For each compound, the precision of the
method was tested as well as the detection limits of precise isotope
analysis. All measurements were initially analysed by GC-FID in
order to find appropriate chromatographic conditions. Organo-
phosphorus esters are susceptible to hydrolysis, therefore this is
the most common environmental degradation pathway, so the
method was then applied to assess their isotope fractionation
changes during hydrolysis. Photolytic degradation of dimethoate
was conducted to demonstrate that CSIA could be used to explore
different degradation mechanisms by isotope fractionation.

2. Materials and methods
2.1. Chemicals

High purity standards of three pesticides were selected:
dichlorvos (PESTANAL®, analytical standard, 98.8% pure), ometho-
ate (PESTANAL®, analytical standard, 97.0% pure), dimethoate
(PESTANAL®, analytical standard, 99.6% pure) were purchased from
Fluka (Sigma-Aldrich, Germany). Methanol of HPLC gradient grand
(purity > 99.8%) was supplied by ].T. Baker (Netherlands), while

dichloromethane (Assay (GC), purity >99.9%) were supplied by
Fluka (Sigma-Aldrich, Germany). Stock and standard solutions of
pesticides were stored at —4 °C. All other chemicals were analytical
grade and used without further purification. 2 x DI water was
obtained by a NANOpure® ultrapure water system (Barnstead,
USA).

2.2. Pesticides extraction

Solid-phase extraction (SPE) using 3 mL DSC-18 cartridges (Dis-
covery®, Bellefonte, USA) were used for extraction of pesticides
from aqueous solution. Before extraction, the SPE cartridges were
activated by passing consecutively 5mL of dichloromethane,
5 mL of 2 x DI water, and 5 mL of purified water alkalized to pH
10 with 0.1 M NaOH (or acidified to pH 3 with 0.1 M HCI for control
experiments) (Demoliner et al., 2010). Cartridges were then loaded
with 6 mL samples and eluted with 1 mL of dichloromethane to
2 mL vials. The extracted phase was stored for subsequent analysis.
All extractions were performed in two parallels for each time point
of all experiments, one of them was immediately analysed by GC-
FID as described below, and the other one was stored at —4 °C for
isotope analysis.

2.3. Evaporation experiment

The evaporation test was conducted to quantify the effect of
evaporation procedures on isotope fractionation. Standard dichlo-
romethane solutions of dichlorvos, omethoate and dimethoate
mixture (100 mg L~ 1:1:1) were evaporated under a gentle stream
of N, to volume of 15%, 25%, 40%, 60%, 80% and 100%, respectively,
and changes in their carbon isotope compositions were
determined.

2.4. Analysis methods

2.4.1. GC-FID analysis

An Agilent 6890 series gas chromatograph (GC, Agilent Technol-
ogies, Germany) equipped with a flame ionization detector (FID)
was used. OP pesticides were separated in a HP-608 column
(30m x 0.53 mm x 0.5 pm, USA) with helium as the carrier gas
(flow of 6.0 mL min~!). The column was initially held at 60 °C for
1 min, ramped at 30 °C min~' to 300 °C, and held for 2 min. Injector
and detector temperatures were set to 180 °C and 250 °C, respec-
tively. The samples were injected in splitless mode with injection
volumes of 1 pL. Each sample was measured in triplicate. Calibra-
tion of three tested pesticides was measured by diluting it with
dichloromethane.

2.4.2. EA-IRMS analysis

To validate the results of the GC-C-IRMS method, the carbon
isotope compositions of the reference compounds were deter-
mined with an elemental analyser (EuroVector, Milan, Italy)
directly coupled via a ConFlo III (open split, Thermo Fisher Scien-
tific, Bremen, Germany) to a MAT 253 isotope ratio mass spectrom-
eter (Thermo Fisher Scientific), as described elsewhere (Badea
et al., 2009).

2.4.3. CSIA analysis

The carbon isotope composition of dichlorvos, omethoate and
dimethoate was analysed by a GC-C-IRMS system consisting of a
gas chromatograph (Agilent 6890) coupled via a GC/C III interface
to isotope ratio mass spectrometer (Finnigan MAT 252, Thermo
Fischer Scientific). The oxidation furnace of the GC/C III interface
containing (Pt, Ni, CuO) was set to 980°C. A DB-608 column
(30 m x 0.32 mm x 0.5 pm, USA) was used for pesticides separa-

tion, with helium as the carrier gas at a flow rate of 1.3 mL min~'.



460 L. Wu et al./Chemosphere 111 (2014) 458-463

The column was initially held at 60°C for 2 min, ramped at
12 °Cmin~! to 225 °C, then up to 280 °C at 7 °C min~! and finally
held for 2 min. The injector was set to 180°C. Samples were
injected in the split injection mode (the split ratio was from 1:1
to 1:5, which was adjusted to concentrations resulting in suitable
peak areas). At least three replicates were measured per sample
in order to check the reproducibility. If necessary, the samples
were reduced under a gentle stream of N, to increase the concen-
tration for isotope analysis.

2.5. Hydrolysis experiment

OP pesticides can be hydrolyzed rapidly in alkaline solution, but
are more stable in acidic solution. Thus, the hydrolysis experiments
of selected pesticides were carried out in buffer solution of pH 10,
while hydrolysis in solutions of pH 3 was used as control experi-
ments. Hydrolysis experiments were carried out at 22°C in
200 mL buffer solution (pH 10) which was prepared with 0.1 M
NaOH (purity > 99%) and 0.1 M KCl-boric acid (purity > 99.5%).
Control experiments were performed in 50 mL buffer solution
(pH 3) which contains 0.1 M HCl (32%, Baker analytical grade)
and 0.1 M CgHsKO,4 (potassium hydrogen phthalate, 99% purity,
Alfa Aesar, Germany). All hydrolysis experiments were conducted
in grinding mouth Erlenmeyer flasks with initial concentration of
100 mg L~ of respective pesticides. Samples were collected at reg-
ular time intervals for further analysis. Remaining concentrations
of compounds during degradation were determined by GC-FID,
and then calculated according to the calibration curve of OP pesti-
cides (see Supporting Information, Fig. S3).

2.6. Photolysis experiment

Photolysis experiment was conducted in a tailor-made chamber
photoreactor using six mercury fluorescent lamps as a UVA radia-
tion source (CLEO 20 W, 438 mm x 26 mm, Philips; broad maxi-
mum at 355nm) which was described in details elsewhere
(Cernigoj et al., 2007). Before starting the degradation experiment,
the photoreactor was preheated for 15 min by turning on lamps to
keep stable temperature at 35°C. 200 mL aqueous solution of
dimethoate (100 mgL~') was taken in the reaction tube, and
50 mL of dimethoate solution was performed as dark control
experiment. Samples were collected at regular irradiation time
intervals for further analysis.

2.7. Quantification of carbon isotope fractionation

The quantification of carbon isotope fractionation has been
described in (Meckenstock et al., 2004). Briefly, the isotope ratios
measured by CSIA are reported in 4 notation in parts per thousand
(%o) relative to the international carbon isotope standard (VPDB)
(Coplen, 2011). Then bulk isotope enrichment factors (¢) can be
obtaining from the slope of the Rayleigh equation. Eq. (1):

ool 23] /()

Isotope fractionation occurs during the chemical reaction step.
The apparent kinetic isotope effect (AKIE) was calculated to quan-
tify the intrinsic isotope effect of the bond cleavage. AKIE values
were calculated by Eq. (2) (Elsner et al., 2005)

1
AKIEC = <m> )

where n is the number of carbon atoms in the molecule, x is the
number of carbon atoms in the reactive position, and z is the num-
ber of indistinguishable reactive sites.

3. Results and discussion
3.1. CSIA development

The mixtures of OP pesticides were successfully separated by
GC-FID and GC-C-IRMS system under selected temperature pro-
grams and columns (see Supporting Information, Fig. S1).

The linearity of the method was analysed using a stock solution
of OP pesticides, dissolved in DCM to different final concentrations
(concentrations of 40, 50, 100, 200, 300, 400, 500, 600, 800,
1000 mg L™1). A new glass liner, 4 mm ID filled with single taper
and quartz wool (SGE), was used for split/splitless injection into
GC system caused significant shifts in 5!3C values and gave a poor
linearity range, especially for omethoate (see Supporting Informa-
tion, Fig. S2). Glass liner deactivation using BSTFA gave a better lin-
earity and the isotope composition was almost identical to the
elementary analysis coupled to isotope ratio determination. There-
fore, we suggest that OP pesticides were decomposed in the liner. In
order to circumvent this problem, 1 pL of BSTFA (N,O-bis(trimeth-
ylsilyl)trifluoroacetamide, SUPELCO) was injected manually three
times into the GC inlet (The Agilent Multimode Inlet (MMI)),
adjusted to 100 °C with split ratio of 200:1. Then the injector was
heated to 180 °C. After deactivation of the liner, the linearity ranges
of OP pesticides was improved (Fig. 1). Linearity ranges were shown
for a range of signal areas: 12-35 vs (200-600 mgL~!), 1-68 vs
(40-1000 mg L~!) and 5.5-60 vs (100-1000 mg L) for dichlorvos,
omethoate and dimethoate respectively, showing that the linearity
of our method led to an acceptable isotope composition of pesti-
cides within the uncertainty of the instrument. Only signals with
this range of areas were used for evaluation of isotope values.

To assess the trueness of the GC-C-IRMS method, the isotope
composition of three pure compounds was analysed by EA-IRMS
system. The values obtained by two methods were compared in
Table 1. The systematic shifts in averaged 8'C values determined
by the EA-IRMS and GC-C-IRMS systems were 0.8%., 0.3%. and
0.7%o for dichlorvos, omethoate and dimethoate respectively, thus
showing relatively good agreement between the two methods.

The isotope effect of the evaporation procedure was evaluated.
The evaporation of mixture solution from the original concentra-
tion of 100% to 80%, 60%, 40%, 25% and 15% of the original volume
shows almost no difference compared with original 5'3C value of
the initial compound (Fig. 2). The standard deviations (20) of 6
313C values of dichlorvos, omethoate and dimethoate were
0.15%o, 0.14%0 and 0.11%., which fit to the reproducibility by CSIA
for carbon isotope (20 < + 0.5%0). Therefore, the precision of the
measurement was demonstrated as well. The evaporation proce-
dure is unlikely to induce significant isotope effects, thus, concen-
tration of components by evaporation can be used for sample
preparation. As the sensitivity of the GC-C-IRMS is relatively low
compared to GC-MS techniques, further efforts are needed for iso-
lation of OP pesticides from environmental samples. For example,
the limits of the source of drinking water in China are 0.08 and
0.05 mg L~! for dimethoate and dichlorvos, respectively. For mon-
itoring of environmentally relevant concentration, isolation and
enrichment strategies need to be developed. However, as evapora-
tion does not affect the isotope composition, solvent extraction of
large sample volume and subsequent enrichment by careful evap-
oration might be employed.

3.2. Carbon isotope fractionation during degradation

Hydrolysis occurs at several reactive positions in OP pesticide
molecules. It can occur by a homogeneous mechanism, where
H,0 and OH™ act as nucleophiles (Bavcon et al., 2003). OP pesti-
cides can be hydrolyzed rapidly in alkaline solution, but are more
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Fig. 1. Linearity test for dichlorvos, omethoate and dimethoate after deactivation of the liner. Signal area represent here correspond to concentrations of 40, 50, 100, 200, 300,
400, 500, 600, 800, 1000 mg L. Red diamonds (#) indicate 8'3C values and black squares (M) indicate amplitude values. Solid lines represent the means of all measurements;
dotted lines represent one standard deviation (2¢) of all measurements. Error bars represent one 2¢ of triplicate. (For interpretation of the references to colour in this figure
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Table 1

Comparison of mean 8'3C (%) values between EA-IRMS and GC-C-IRMS.

Compound 813C (%o) AS'3C (%o)
EA-IRMS GC-C-IRMS
Dichlorvos -104+0.1 -11.2+04 +0.8
Omethoate ~20.8+0.0 ~205+0.2 -03
Dimethoate —42.6+0.1 —-41.7403 -0.7
10 :
B Dichlorvos
12
Joo g W R
-14 H
~ 18 | @ Omethoate |
é -
2‘9 -20 — °
Wl T T @ g @ T
-38
: | A Dimethoate ‘
40 -
P Sty St S
T T J T L T v T T ¥ 1
100%  80% 60% 40% 25% 15%

Volume

Fig. 2. Evaporation experiment for dichlorvos, omethoate and dimethoate. Isotope
composition was determined after reduction of the solvent volume from 100% to
80%, 60%, 40%, 25% and 15%. Dotted lines represent the average value of all
measurements. Error bars represent one 2¢ of two measurements.

stable in acidic solution. In all of our experiments, the heavier car-
bon isotope was enriched for tested compounds during the degra-
dation. Data from single experiments are shown in Fig. 3 (data of
control experiments are reported in Table S1). After 98.3% was
hydrolyzed, dichlorvos was detected with a carbon isotopic com-
position of —13.7 + 0.2%0 (Fig. 3a), which is slightly heavier than
the isotopic signature of the parent compound at the beginning
of the experiment (8'3C = —14.5 £ 0.2%0). 97.7% of omethoate was
degraded within 8 h, and the corresponding carbon isotope signa-
tures were enriched from —22.2 + 0.1%0 to —20.5 + 0.2%0 (Fig. 3b).
Similarly, during the hydrolysis of dimethoate, significant carbon
isotope fractionation was observed. The carbon isotope ratio of
dimethoate enriched from —42.8 + 0.0%. to —40.9 *+ 0.2%o (Fig. 3c)
within a 96 h experiment. The carbon isotope composition
enriched from —42.5 £ 0.3%. to —40.4 £ 0.2%. upon photolysis of
dimethoate over experimental period of 56 h (Fig. 3d).

3.3. AKIE and degradation mechanisms

The isotope fractionation process was quantified by the isotope
enrichment factor (¢) using the Rayleigh equation (Eq. (1)), obtain-
ing enrichment factors of —0.2 + 0.1%. for hydrolysis of dichlorvos
and —1.0+0.1%0 and —3.7 + 1.1%0 for hydrolysis and photolysis
dimethoate respectively (Fig. 4). For further elucidation of the reac-
tion mechanism, AKIE values were calculated to characterise the
isotope effect of the cleavage of the chemical bond at the reactive
positions. According to Oncescu and Oancea (2007), the hydrolysis
of dichlorvos may occur by a homogeneous mechanism where
*H30/OH™ act as nucleophiles in a Sy, mechanism. Its a general
base-catalyzed reaction and has two parallel routes (Fig. S4). Both
routes show no carbon atoms are involved in the reactive
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positions. Oncescu et al. found that the lowest value (0.61) of bond
energy in dichlorvos molecule belongs to phosphate-dichlorviniyl
bond, which indicates that this bond has to cleave first by hydroly-
sis. Thus, we suggest that there is no primary carbon isotope frac-
tionation occurs during the hydrolysis of dichlorvos. The obtained
relatively lower enrichment factors of —0.2 + 0.1%. may be caused
by the secondary isotope effects. Thus, changes in carbon isotope
ratios of dichlorvos induced by hydrolysis are expected to be low
and the enrichment in isotope signature of dichlorvos may offer
opportunities for detection of other processes or source allocation.

The fractionation upon hydrolysis of dimethoate (—1.0 = 0.1%o)
was significantly higher than dichlorvos suggesting a primary iso-
tope effect associated with a carbon bond cleavage in the first uni-
directional and irreversible reaction step. In analogy to the
proposed mechanism for the hydrolysis of omethoate (Farooq
et al., 2004), we propose a similar mechanism proceeding by two

main pathways. A nucleophilic OH™ attacking the phosphorus
atom will lead to P-S bond cleavage without any primary carbon
isotope effect. A parallel nucleophilic OH™ attack on the C-O bond
may lead to a C-0 bond fission associated with a primary stable
carbon isotope effect and lead to the formation of O-desmethyl-
dimethoate. O-demethyl-dimethoate and 0,0-dimethylhydrogen
phosphorothioate acid as products of dimethoate hydrolysis at
alkaline conditions (WHO, 2012), suggesting that two parallel reac-
tions are at work. The calculation of AKIE value of 1.0050 + 0.0005,
which is smaller than the theoretical value of KIE (1.061) for C-O
bond may reflect that two parallel mechanisms at work and lead-
ing to a lower isotope fractionation as expected for an typical Sy;
reaction such as alkaline hydrolysis of a methoxy bond alone
(see Supporting Information).

During photolytic degradation, C-O bonds can be broken under
direct UV irradiation (Wang et al., 2006). There are two C-O bonds
in dimethoate molecule. Assuming that the photolysis of dimetho-
ate was a concerted reaction, where n =5, x = 2, z = 1, the AKIE cal-
culation gives a value of 1.0094 + 0.0027. If the reaction proceeds
in stepwise mode, where n=5, x=1, z=1, the AKIE calculation
gives a value of 1.0188 + 0.0054. Both AKIE values are typically
below the theoretical KIE O-C bond cleavages, but still in the sim-
ilar order. However, as documented so far, this is the first study on
CSIA of OP pesticides, therefore, no other values are available to
date for comparison. Further mechanistic studies employing CSIA
need to be conducted and compared with metabolite studies to
identify bond cleavage mechanisms in more details.

4. Conclusion

The GC-C-IRMS method for CSIA for dichlorvos, omethoate and
dimethoate was developed in this study. Linearity test shows that
carbon isotope ratios can be obtained for a signal size of area above
12,1 and 5.5 vs for dichlorvos, omethoate and dimethoate, respec-
tively. The measurements obtained by GC-C-IRMS system exhib-
ited standard deviations (2¢) that were mostly < +0.5%.. To
explore the application of the developed CSIA, the degradation
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experiments revealed a bulk enrichment factor (&) for hydrolysis of
—0.2+0.1% and —1.0x0.1%c for dichlorvos and dimethoate,
respectively. The photolysis of dimethoate gave a larger enrich-
ment factor of 3.7 + 1.1%. and allow to distinct hydrolysis and pho-
tolysis. Our study clearly demonstrated that carbon isotope
fractionation occurs during degradation of tested pesticides. The
isotope enrichment factor may be used to characterise hydrolysis
reaction and direct photolysis in field studies.

Monitoring the carbon isotope signatures may be a promising
tool for the qualitative and quantitative assessment of the fate of
OP pesticides. In order to assess the transport of OP pesticides in
the environment and decipher their degradation in more details
by CSIA, further laboratory investigations providing reference
enrichment factors for degradation mechanisms occurring under
different hydrogeochemical conditions are needed. In addition,
2H, '®0 and N could also be considered for isotope analysis in
order to obtain enhanced insight of OP pesticides from multi-ele-
ment isotope analysis in future studies.
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