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Abstract
BACKGROUND: Dimethyl disulﬁde (DMDS) is a fumigant recently registered in parts of the United States. The fumigant has high
pesticidal activity, but does not disperse in soils as well as other fumigants. This study assessed the use of CO2 as a propellant to
improve soil dispersion and diﬀusion by evaluating the partitioning and degradation of DMDS after carbonation in four vineyard
soils collected in California.
RESULTS: The soil with the highest organic carbon content (Clarksburg) had the highest soil–water partition coeﬃcient (K d )
(P < 0.001), which increased after carbonation. However, DMDS sorption decreased in the Mecca and Fowler soils. Henry’s law
constant (K h ), which measures a compound’s potential for partitioning between air and water, doubled from 0.04 to 0.10 with
the addition of CO2 , indicating less DMDS solubility. Carbonation did not negatively aﬀect DMDS’s half-lives in the diﬀerent soils.
CONCLUSION: While trials are needed for validation of ﬁeld-scale impacts, carbonation had mixed eﬀects on soil partitioning
and no discernable impact on degradation, but greatly decreased DMDS water solubility. This indicates that carbonation could
improve some facets of DMDS diﬀusion and dispersion, depending on soil properties (carbon content and moisture), without
greatly aﬀecting its other behaviors.
© 2015 Society of Chemical Industry
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For several decades, methyl bromide (MeBr) was the most commonly used preplant soil fumigant in California grape production for controlling soilborne pests and pathogens, particularly
plant-parasitic nematodes. However, owing to its ozone depletion potential, MeBr has been largely phased out under the 1987
Montreal Protocol.1 Until recently, replanting grapes in California
received an MeBr critical use exemption (CUE), but new regulations now exclude grape production.2 While numerous potential
MeBr replacements have been investigated for nematode control in grape replant situations, there exist uncertainties regarding their overall performance.3,4 With the exception of MeBr,
1,3-dichloropropene (1,3-D) has the highest nematicide activity of
commercial fumigants. However, it is highly regulated in California and not always available owing to township caps and buﬀer
zone requirements. In addition, the currently registered rates of
1,3-D are less eﬀective in heavy (clay loam) soils, common to
grape-growing regions of California.5 Given these regulations and
limitations, alternative nematicide fumigants are urgently needed.
Dimethyl disulﬁde (DMDS), a volatile sulfur compound that has
zero ozone depletion potential, is one of the more promising
soil nematicide fumigants being studied.6 Its nematicide control
eﬃcacy has been demonstrated under laboratory conditions as
well as in microplots and ﬁelds with grape production.7,8 The compound controls pests by blocking cytochrome oxidase activity,

hindering mitochondrial respiration.9 DMDS has been registered
in over ten states in the United States as of January 2014, and it
has been submitted for registration in California.10,11
DMDS has a lower vapor pressure (2.9 kPa at 20 ∘ C) but higher
octanol–water partition coeﬃcient (K ow = 1.77) than MeBr (190
kPa at 20 ∘ C; K ow = 1.19), making it relatively less volatile, more
sorptive and therefore less capable of spreading through the
soil proﬁle to make contact with and eliminate pests such as
nematodes.12,13 Therefore, to increase DMDS ﬁeld fumigation eﬃcacy, it must be applied in higher amounts, allowed to fumigate
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Table 1. Soil properties of four California grape production soils used in this study
Soil

Location in California

Paso Robles
Clarksburg
Mecca
Fowler

Central coast
North central
South central
Central

Soil classiﬁcation
San Ysidro loam
Sacramento clay
Delhi loamy sand
Carsitas gravelly sand

for longer periods or injected at a higher frequency. These options
are either not allowed by the regulations (rates are currently
capped at 455 lbs acre−1 ) or are not cost eﬀective. Fortunately,
chemists recently discovered that supercritical CO2 could enhance
the extraction of DMDS from various matrices, suggesting that
carbonation of fumigants, particularly DMDS, with CO2 might
increase their volatility and lead to improved soil dispersion.14,15
This method was ﬁrst tested with 1,3-D, where it increased soil
dispersion.16 The increase in soil dispersion is believed to be the
result of temporary dipole moment interactions between CO2 and
the fumigant.16 The objective of this study was to evaluate the
eﬀects of carbonation on DMDS phase distribution and degradation, which drive nematode control eﬃcacy in typical California
grape-growing soils.

2

MATERIALS AND METHODS

2.1 Chemicals
Dimethyl disulﬁde (DMDS; ≥98%) was purchased from SigmaAldrich (St Louis, MO) and ethyl acetate (EA; 99.9%) from Fisher
Scientiﬁc (Pittsburgh, PA). The CO2 (99.95%) used to carbonate
DMDS and the 5000 ppm CO2 standard gas used to calibrate the
GC-TCD (thermal conductivity detector) were purchased through
Airgas (Radnor, PA).
2.2 Soils
Four soils, collected from ﬁelds under commercial grape production in California, were used to test the eﬀects of carbonation on
DMDS phase distribution and degradation. The soil properties
and classiﬁcations are shown in Table 1. The soils were analyzed
by the Division of Agricultural and Natural Resources Laboratory, University of California Davis, for pH (saturated paste)17 and
total organic carbon (TOC; loss on ignition),18 while the moisture
contents were determined in our lab at the University of California Riverside by drying soils at 100 ∘ C until their weights were
constant (∼24 h).
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2.3 DMDS carbonation
The carbonated spiking solution was created in a 10 mL serum
bottle capped with a PTFE-lined butyl rubber septum (Fisher
Scientiﬁc) and crimped with an aluminum seal. The vial contained
2 mL of DMDS that was bubbled with carbon dioxide (99.95%)
through a 20 gauge needle into pure DMDS at room temperature.
A second, 26 gauge needle was inserted into the septum with
the tip residing about 2 cm above the DMDS to ﬂush the air of
the bottle and ensure that CO2 dissolved in DMDS. The bubbling
occurred for 3 min before each needle was removed.
To test the concentration of dissolved CO2 , 2 μL of the carbonated DMDS was injected into a Shimadzu gas chromatograph (GC)
8A ﬁtted with a thermal conductivity detector (TCD) operated at
100 ∘ C and an Alltech Haysep Q (8 ft; 80/100 mesh) stainless steel

wileyonlinelibrary.com/journal/ps

pH
7.3
6.2
7.9
7.4

TOC (mg OC g−1 soil)
0.030
0.278
0.037
0.028

Moisture (%)
8.2
17.5
9.6
2.8

column (O.D. 0.125 in) at 36 ∘ C. The instrument was calibrated with
a seven-point standard curve from 100 to 1200 ppm of CO2 . Carbon dioxide concentrations were measured in both the carbonated and non-carbonated DMDS spiking solutions. When samples
were spiked prior to incubation, dissolved CO2 concentrations in
DMDS were checked every 30 samples, and if the level was oﬀ by
>10% the spiking solution was recapped and recarbonated following the approach described above. The average CO2 concentration
dissolved in DMDS across the experiment was 46.5 ± 2.2 mg mL−1 .
Carbon dioxide was not detected in the non-carbonated DMDS.
2.4 Phase distribution experiments
Batch equilibrium experiments were used to determine the eﬀects
of carbonation on the DMDS air–water partition coeﬃcient (or
Henry’s law constant K h ) and soil–water partition coeﬃcient K d . In
order to determine these partition coeﬃcients, vials with 10 mL of
water and vials with 10 g of oven-dried (100 ∘ C for 24 h) soil were
prepared. These vials were spiked with either 10.6 mg of carbonated or non-carbonated DMDS (1000 mg DMDS kg−1 soil), capped
with PTFE-lined butyl rubber septa and sealed with aluminum
crimps. All vials were shaken horizontally for 2 min before being
incubated at 24 ∘ C for 24 h. After incubation, 1 mL of headspace
was withdrawn from each vial with a 10 mL airtight syringe and
slowly introduced into a 2 mL GC vial containing 1 mL of ethyl
acetate and immediately crimped. The vials were stored at −20 ∘ C
until analysis within 5 days. At least four replicates were measured
for each treatment.19
Henry’s law constant (K h ; dimensionless), the sorption coeﬃcient
(K d ; L kg−1 ), the organic carbon partition coeﬃcient (K oc ) and the
Freundlich coeﬃcient (K f ) were determined as described by Ajwa
et al.12 The measured concentration of DMDS in the headspace of
each vial in relation to the spiked concentration was used to calculate concentrations of DMDS partitioned in the soil, water or to the
vials (and stopper). The K h values were determined in vials containing 10 mL of water by mass balance using the DMDS value
measured in the headspace (C a ; mg L−1 ) and determined in the
water (C w ; mg L−1 ). The K d values were determined by dividing
the DMDS partitioned in the soil (C s ; mg kg−1 ) by that in the water
(C w ). The K d was then divided by the soil organic carbon content
(mg g−1 soil) to determine the K oc . An additional experiment was
performed to assess the dependence of K d on DMDS concentration. Vials were incubated as described above with both carbonated and non-carbonated DMDS, but with spiking amounts of 25,
50 and 100 mg of DMDS only using the Mecca soil. These data were
then ﬁtted to the Freundlich equation to derive K f and assess the
non-linearity of the sorption isotherm across a concentration gradient.
2.5 Degradation experiments
Degradation of DMDS was studied over a 28 day period. Typically,
after fumigant application, ﬁelds are covered with a tarp for 12–21
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Table 2. Soil adsorption K d and K oc values of carbonated and non-carbonated DMDS in four California grape production soils
K d (L kg−1 )
Soil

Non-carbonated

Paso Robles
Clarksburg
Mecca
Fowler

1.01 ± 0.00
1.04 ± 0.00
1.04 ± 0.00
1.03 ± 0.00

K oc
Carbonated
1.01 ± 0.03
1.16 ± 0.00
0.97 ± 0.02
0.97 ± 0.02

days. Our objective was to assess degradation over a period of time
that was slightly longer than typical ﬁeld fumigations to assess
potential eﬃcacy declines due to degradation and carbonation.
Samples of soil (10 g dry weight equivalent) in 20 mL headspace
vials were crimp sealed. The soil samples were spiked with carbonated or non-carbonated DMDS at the maximum ﬁeld application rate of 60 mg kg−1 soil (510 kg ha−1 ). Immediately after spiking, each vial was sealed and shaken horizontally for 2 min. The
soil samples were incubated at 10, 24 or 35 ∘ C, and four replicates
were collected from each treatment on days 0, 7, 21 and 28. Samples were stored at −80 ∘ C but moved to −20 ∘ C for 1 h prior to
extraction. Upon removal from the freezer, vials were promptly
decapped, and 10 mL of ethyl acetate and the desiccant anhydrous sodium sulfate were added to each vial. Sample vials were
recapped and shaken for 2 h on a horizontal shaker. After settling,
a 1.0 mL aliquot of the supernatant was withdrawn and transferred
into a GC vial for analysis
The half-life of DMDS was determined by ﬁtting the remaining
concentration at diﬀerent sampling intervals to the ﬁrst-order
decay model: CT = C 0 e−kT , where CT and C 0 are the fumigant
amounts in soil at time T and 0 respectively, k is the ﬁrst-order rate
constant (day−1 ) and T is the time, in days, after treatment.
2.6 Chemical analysis
Concentrations of DMDS were measured on an Agilent 6890 N
GC with a 5973 mass spectrometer using selected ion monitoring
(GC/MS-SIM). The GC was ﬁtted with an Agilent DB-5 MS column
(60 m × 0.25 mm × 0.25 μm). Two ions were used to quantify DMDS
(94 m/z, parent and 74 m/z, qualiﬁer). The injector temperature
was 50 ∘ C, while the detector was set at 250 ∘ C. The column
temperature ramp was as follows: initial temperature 50 ∘ C, held
for 0.5 min, increased to 100 ∘ C at 25 ∘ C min−1 , held for 3 min,
before decreasing to 50 ∘ C at 99 ∘ C min−1 and holding for 2 min.
The total run time was 8.01 min, and the DMDS retention time was
5.60 min. The concentrations expected during analysis based on
experimental design fell comfortably within the 1–100 ppm range;
therefore, these values were used as the upper and lower limits
for instrument calibration with a standard curve. During method
development DMDS retention times, peak shape (height and
width) and linearity were highly consistent across the 1–100 ppm
range. With this consistency and conﬁrmation during method
development, it was determined that a three-point standard curve
was suﬃcient for the DMDS calibration curve.

3

33.76 ± 0.10
3.75 ± 0.01
27.99 ± 0.06
36.89 ± 0.09

Carbonated
33.71 ± 1.15
4.16 ± 0.01
26.26 ± 0.45
34.71 ± 0.67

RESULTS AND DISCUSSION

3.1 Phase distribution
The sorption of DMDS to soil with or without carbonation was evaluated in four grape production soils from California. Three (Paso
Robles, Mecca and Fowler) of the four soils had similar pH, total
organic carbon (TOC) and moisture contents, while the Clarksburg soil had ∼8× higher TOC along with a lower pH and higher
soil moisture content (Table 1). The K d values of carbonated and
non-carbonated DMDS for each soil are shown in Table 2. The
Clarksburg soil had signiﬁcantly higher K d values (P < 0.001) than
the other three soils in the absence of CO2 , while the Paso Robles
soil had a signiﬁcantly lower K d value than those for the other three
soils (P < 0.001). While there is a signiﬁcant K d diﬀerence between
the four soils under non-carbonated conditions, it is small, and
therefore it is diﬃcult from these microcosm experiments to determine whether an eﬀect would be observed in the ﬁeld.
The K f value (1.08) estimated from the sorption isotherm in the
Mecca soil was similar to its K d values. Their similarity is the result
of the Freundlich non-linearity constant (n) being close to unity
(0.98). As n is not 1, there may be a slight increase in soil adsorption
(and K d values) with increasing concentrations until saturation is
reached.
The K d values of other soil fumigants such as MeBr
(0.04–0.10 L kg−1 ), methyl isothiocyanate (0.045 L kg−1 ), 1,3-D
(0.40–0.60 L kg−1 ) and chloropicrin (0.03–0.14 L kg−1 ) in loamy
soils are 1–2 orders of magnitude lower than those found for
DMDS in this study.12,20 – 22 This diﬀerence in sorption potential
may partially be explained by the higher vapor pressures of the
other fumigants (3.1–190 kPa at 20 ∘ C), as compared with 2.9
kPa for DMDS.12 The higher sorption potential of DMDS could
be advantageous over other fumigants as it may lead to longer
compound retention in the soil that could increase eﬃcacy when
eﬀectively dispersed in the soil.
The lower volatility and higher sorption of DMDS relative to
MeBr and other fumigants imply that DMDS may not eﬃciently
disperse in soil, which is essential for the eradication of soilborne
pathogens, especially for crops such as grapevines that have
deep root zones. Previous research indicates that CO2 could be
used as a propellant to improve DMDS dispersion in soils.14,15 To
evaluate the potential eﬀect of CO2 on soil–water distribution,
we measured K d of carbonated DMDS. The average K d for DMDS
with CO2 (1.03 ± 0.08 L kg−1 ) was nearly identical to that found for
DMDS without CO2 (1.03 ± 0.01 L kg−1 ). When individual soils were
compared, some diﬀerences were observed. These diﬀerences,
while signiﬁcant, were relatively minor, and therefore from this
microcosm study it is diﬃcult accurately to predict broader eﬀects
at the ﬁeld scale. For example, the K d values for carbonated DMDS
were signiﬁcantly lower than those for non-carbonated treatments in Mecca and Fowler soils (P < 0.001) (Table 2). Carbonation
decreased DMDS soil partitioning in these two soils, suggesting
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2.7 Statistical analysis
All samples were prepared with four or more replicates. Signiﬁcant
diﬀerences between sorption (K d and K oc ) treatments (within
and across carbonated and non-carbonated) were tested with an
ANOVA followed by a post hoc Tukey test. All statistical analysis was
performed in R (v.3.0.2; The R Foundation, Vienna, Austria).
Pest Manag Sci 2016; 72: 349–353
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Table 3. Half-life values of carbonated and non-carbonated dimethyl disulﬁde in four California grape production soils. Blanks represent treatments
where quantiﬁable degradation was not observed
Temperature (∘ C)

k

r2

t1/2 (day−1 )

k

t1/2 (day−1 )

r2

10
24
35

Paso Robles
–
–
0.0082 ± 0.0035

–
–
85

–
–
0.28

Paso Robles (CO2 )
–
–
0.0092 ± 0.0018

–
–
75

–
–
0.65

10
24
35

Clarksburg
–
–
0.0052 ± 0.0012

–
–
134

–
–
0.58

Clarksburg (CO2 )
–
–
0.0058 ± 0.0011

–
–
119

–
–
0.67

–
143
36

–
0.25
0.67

Mecca (CO2 )
–
–
0.0150 ± 0.0068

–
–
46

–
–
0.27

–
–
43

–
–
0.67

Fowler (CO2 )
–
0.0262 ± 0.0070
–

–
26
–

–
0.50
–

Mecca
10
24
35

–
0.0048 ± 0.0022
0.0192 ± 0.0037
Fowler

10
24
35

–
–
0.0163 ± 0.0032

that CO2 might improve soil dispersion. However, the opposite
was observed in the Clarksburg soil, where carbonation was found
to increase K d signiﬁcantly (P < 0.001). This diﬀerence may be
attributed to the substantially higher organic matter content in
the Clarksburg soil; however, the underlying mechanism for the
enhanced sorption was not investigated in this study.
A similar trend was found with regard to the eﬀects of CO2 on
sorption relative to soil carbon (K oc ) (Table 2). The Clarksburg soil
had signiﬁcantly higher (P < 0.001) sorption after carbonation,
while both Mecca and Fowler soils exhibited signiﬁcantly lower
(P < 0.001) sorption in the presence of CO2 . After normalization
to soil OC content, it is evident that K oc values for Clarksburg
soil were substantially smaller than the other soils. This ﬁnding
suggested that sorption of DMDS was only partially dependent
on soil OC content.
From the batch phase distribution experiments, the dimensionless Henry’s law constant (K h ) was estimated to be 0.04 ± 0.005
for DMDS at room temperature. However, after carbonation, K h
increased to 0.10 ± 0.011. This value was calculated by dividing
the headspace concentration by the dissolved concentration.
Therefore, increasing K h values indicate less DMDS dissolving in
solution. This increase in K h due to carbonation decreases DMDS
aqueous partitioning and should result in improved dispersion
and diﬀusion after subsurface injection, particularly in moist
soils, ultimately leading to greater pest control eﬃcacy. Future
studies under ﬁeld conditions are needed to validate the eﬀect of
carbonation on DMDS soil distribution under varying application
scenarios.
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3.2 Persistence of DMDS in soil
Many commercial grape ﬁeld soils are fumigated and often covered with a plastic tarp or ﬁlm for 12–21 days to control target
pests. The 28 day laboratory degradation incubation experiment
therefore lasted longer than ﬁeld tarped fumigation treatments.
Degradation of DMDS (carbonated or non-carbonated) was measured at three temperatures (10, 24 and 35 ∘ C) in the four soils.

wileyonlinelibrary.com/journal/ps

Essentially, no detectable DMDS degradation was found in 15 of
the 24 total treatments, and poor model ﬁt (r2 from 0.25 to 0.50)
was observed for three of the nine half-life values that could be
calculated (Table 3). The poor model ﬁt was likely due to the very
slow compound degradation, as initial and ﬁnal concentrations
did not drastically change. In addition, ﬁve of the nine estimated
half-life values were twice as long as the maximum incubation
period, while three exceeded 4 times the 28 day incubation duration, making these values rough estimates of DMDS persistence.
No degradation of DMDS was observed in the 10 ∘ C treatments; at
24 ∘ C, only the Fowler soil with CO2 and the Mecca soil without CO2
had quantiﬁable half-lives (26 and 143 days respectively) (Table 3).
Degradation of DMDS was observed in all of the 35 ∘ C treatments,
except for the Fowler soil with CO2 . The lack of observed degradation over the 28 day incubation prevented a thorough statistical
evaluation of the CO2 eﬀects. However, from the available data
there appeared to be no discernable diﬀerences between carbonated and non-carbonated treatments.
The half-life values of DMDS (26–143 days) in this study are much
longer than those reported by Chellemi et al.,19 who observed
DMDS half-lives of 1–6 days in a Dothan sandy loam. However,
Ajwa et al.12 suggested that the half-life of DMDS in soil could
be 2–3 times that of methyl isothiocyanate (1–13 days), which
would be within the range of some half-life values observed in this
study.12 The stability of DMDS may explain its long nematode control eﬃcacy (150 or 180 days) observed in a recent grape fumigation ﬁeld study.8 Nevertheless, based on calculated half-life values,
very little degradation would occur during typical ﬁeld fumigation
periods (12–21 days). Therefore, DMDS eﬃcacy should not decline
owing to degradation during fumigation events, and its longer
half-life and subsequent longer soil retention are advantages over
other fumigants.

4

CONCLUSION

DMDS is a newly registered fumigant for controlling soilborne
pathogens in several states. However, gaps exist in our basic
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understanding of its behavior in soils. The results of this study
demonstrate that, in addition to its relatively low volatility, DMDS
has a higher sorption potential and longer environmental persistence than many current-use fumigants. Under ﬁeld conditions,
these factors may allow the soil to retain DMDS for longer periods
of time, resulting in extended pesticide eﬃcacy. However, its lower
volatility may also result in localized control, which can inhibit the
dispersion and diﬀusion of DMDS in soil. Thomas et al.16 found
that CO2 addition greatly improved the dispersion of Telone C35
(a mixture of chloropicrin and 1,3-dichloropropene). Our study
showed that, while carbonation had a signiﬁcant but small eﬀect
on sorption to soil and a negligible eﬀect on the degradation
of DMDS, it greatly increased DMDS’s Henry’s law constant. The
increased K h should result in improved dispersion and distribution
in subsurface treatments, especially in wet soils. Using the results
of these laboratory studies, ﬁeld studies must now seek to quantify
the larger-scale eﬀects of carbonating DMDS and its eﬃcacy in
relation to other current-use soil fumigants.
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