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Abstract: Oil droplets containing surfactants and pesticides are expected to spread on a water surface,
under the Marangoni effect, depending on the surfactant. Pesticides are transported into water
through this phenomenon. A high-speed video camera was used to measure the movement of
Marangoni ridges. Gas chromatography with an electron capture detector was used to analyze the
concentration of the pesticide in water at different times. Oil droplets containing the surfactant
and pesticide spread quickly on the water surface by Marangoni flow, forming an oil film and
promoting emulsification of the oil–water interface, which enabled even transport of the pesticide
into water, where it was then absorbed by weeds. Surfactants can decrease the surface tension of the
water subphase after deposition, thereby enhancing the Marangoni effect in pesticide-containing oil
droplets. The time and labor required for applying pesticides in rice fields can be greatly reduced by
using the Marangoni effect to transport pesticides to the target.

Keywords: Marangoni effect; spreading; pesticide transport; surfactants

1. Introduction

In 1871, the Italian physicist Carlo Marangoni took a sponge soaked in oil and threw
it into a pond. He observed surface movement caused by the difference in surface tension
between oil and water phases and measured the speed of wave propagation. This liquid
flow driven by the surface tension gradient, now called the Marangoni effect [1,2], has
been applied to treat oil pollution on the sea surface [3], chip manufacturing [4], DNA
analysis [5], and surfactant replacement therapy for respiratory distress syndrome [6].

The spread of a solution of a surface-active compound (surfactant) on a liquid is
mainly driven by the surface tension gradient (as a consequence of the concentration
gradient) across the liquid–air interface, which can be thermodynamically determined by
the spreading coefficient as follows

S = γaw − (γow + γao) (1)

where S is the spreading coefficient, γaw is the surface tension of pure water, and γow and
γao are the interfacial tensions of the oil–water and air–water interfaces, respectively. If
S < 0, the solution will not wet water, whereas if S > 0, spreading is favored.

When oil droplets or surfactant solutions are deposited on the liquid subphase (wa-
ter surface), molecules from the oil or surfactant will migrate to the air–water interface
and move on the subphase surface, resulting in a surface tension gradient that generates
Marangoni stress. This causes the Marangoni flow from the low surface tension area to the
high surface tension area [7–14]. Solid particle transportation and self-propulsion phenom-
ena based on the Marangoni effect have been studied [15–18]. At the front of the surfactant
flowing outward, the surface of the subphase (water) becomes deformed, producing a
Marangoni ridge owing to the sudden change of the tangential stress conditions [19,20]. It
was theoretically predicted that movement of the Marangoni ridge would follow a power
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law with an exponent of 0.75 [21–23], and experiments have confirmed this prediction
in aqueous surfactant solutions [9,24]. Assuming that a Marangoni-driven, nonvolatile,
immiscible thin film is spreading from a constant concentration source with zero initial
radius and expanding radially on a deep liquid support at the air–liquid interface and
only a thin hydrodynamic boundary layer is formed under the film, the movement of the
Marangoni ridge conforms to the following equation [23,25]:

R(t) = A t0.75 (2)

A = k

√
γaw − γ∞

ρ
√

υ
(3)

where R(t) is the spreading distance of the Marangoni ridge, A is a new unknown constant,
ρ and υ are the density and kinematic viscosity of the water subphase, respectively, γaw
and γ∞ are the surface tensions of the water and the covered liquid surface behind the
front of the Marangoni flow, respectively, and k is a dimensionless constant.

The Marangoni effect can be used to transport dyes in a surfactant-containing solution
to the droplet deposition area [26]. Similarly, here, we studied the feasibility of using the
Marangoni effect to deliver pesticides on a water surface. Our experiment will investigate
whether the oil droplets containing surfactants and pesticide follow Equation (2). It has
been reported that the frontier of the surfactant and the Marangoni ridge coincide [27]. In
this study, we analyzed the Marangoni ridge movement to study how the different factors
influence the Marangoni effect caused by oil droplets.

Jumbo, a labor-saving pesticide formulation for rice fields, was first popularized in
Japan in the 1990s. This formulation only needs to be manually thrown into the water
while the worker walks along the ridge. The particles disintegrate on the water surface.
Under the action of the surfactant, the pesticide is transported over the water surface of the
entire paddy field, where it kills pests or weeds [28–30]. However, despite the wide use of
Jumbo, there are very few reports on the mechanism of such formulations, especially that
of diffusion on the water surface. Today, in China, accelerating urbanization has caused
more young people to migrate from rural areas to cities for employment, and there is a
serious problem of aging in the agricultural workforce. Since the application of traditional
pesticides in rice fields is very time-consuming and labor-intensive, pesticide formulations
such as Jumbo are a good solution. Therefore, there is an urgent need to study their
mechanism of action.

In this study, we consider a potential formulation of pesticide for rice paddy fields
consisting of a spreading oil (SO). The SO is composed of a herbicide (oxadiazon, 10 wt
%), solvents, and surfactants. Thanks to the surfactants that change the wetting property
at the oil–water interface, the SO can spread on the water surface under the action of
the Marangoni effect, and it forms a surface oil film instead of lenticular oil droplets.
In addition, changing the type and concentration of the surfactants can cause the oil to
undergo a wetting transition [31,32]. After oil droplets containing surfactants and pesticide
are deposited on the water subphase, the Marangoni stress causes the formation and
propagation of local deformations on the subphase surface, i.e., the Marangoni ridge. For
SO droplets containing different kinds of surfactants, the movement of the Marangoni
ridge was tracked by high-speed video imaging (Video S1 in the Supplementary Materials).
Adding surfactants to the oil droplets can enhance the Marangoni effect. It was found
that pesticides can be transported in water evenly after the deposition of SO droplets and
then absorbed by the weeds through the submerged stems and roots. Overall, the time
and labor required for applying pesticide in rice fields can be greatly reduced by using the
Marangoni effect to transport pesticides to the target.



Molecules 2021, 26, 1408 3 of 12

2. Results
2.1. Influence of Surfactants on Marangoni Effect

Table 1 shows that the spreading coefficient of each SO is greater than 0, indicating
that SO can spread on water surface. The surface tension of the water subphase was
measured to be 72.2 mN/m. To facilitate discussion, the speed of the Marangoni ridge is
defined by comparing the movement distance of the Marangoni ridge at 150 ms. If the
distance of movement of the Marangoni ridge is small, the speed is considered slow, and
the Marangoni effect is weak.

Table 1. Surface tension of water subphase and oil–water interface tension after deposition of spreading oil (SO) containing
different kinds of surfactants. Surface tension of a variety of SO.

Surfactant Surface Tension after SO Deposition (mN/m) Oil–Water Interface Tension (mN/m) Surface Tension of SO (mN/m)

None 57.1 ± 0.2 18.0 ± 0.1 32.4 ± 0.4

S601
S500

33.3 ± 0.2 <1 33.2 ± 0.6

36.4 ± 0.1 <1 32.5 ± 0.3

EL20
S409

33.1 ± 0.1 <1 32.8 ± 0.4

34.4 ± 0.2 <1 32.5 ± 0.3

Figure 1 plots the distance R (mm) of the Marangoni ridge diffusion against time
(ms). Data at 15 different times were fitted using the Allometric1 function (y = a xb) in
Origin software to determine the values of a and b. The black dashed line in the inset is a
schematic aid for the eye. The slope of the black dashed line in inset is 0.75, whereas the
slopes of different data groups are slightly less than 0.75. The kinetics of the Marangoni
ridge caused by SO containing 10 wt % of S601, S500, and EL20 follows a power law, with
the respective exponents of 0.6906, 0.7463, and 0.6862. The surfactants S601 and EL20 are
nonionic, whereas S500 is an anionic surfactant. It was reported that when the surfactant
is more soluble, the exponent b for the Marangoni ridge caused by droplets deposited on
the water surface is smaller [20]. The values of partition coefficients were calculated by
XLOGP3 [33]. The logP of S601, S500, and EL20 are 5.51, 13.60, and 11.87, respectively. The
logP of S500 is the largest, indicating that the water solubility is smallest. The hydrophilic–
lipophile balance (HLB) values of S601, S500, and EL20 are 14, 7, and 10. Generally, the
greater the HLB value, the greater the water solubility of the surfactant. Based on the
above two points, we believe that S500 has the smaller water solubility. We think that
although the surfactant is dissolved in a liquid that is immiscible with the substrate, the
surfactant with better water solubility can partially diffuse into the water and make the
power law exponent smaller, and the diffusion effect depends on the partition coefficient.
The Marangoni effect also occurred when the oil droplets contained no surfactant, because
the methyl oleate (MO) in the droplets still has a lower surface tension than the water
subphase, and its spreading coefficient is greater than 0 [9].
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2.2. Distribution of Pesticide in Water after SO Diffusion on Water Surface

According to Figure 2, oxadiazon diffused quickly into the water after SO deposition,
and its concentration in water increased with time until reaching a maximum value of
about 1 mg/L. The concentration in water decreased away from the deposition point: 9 h
after deposition, the oxadiazon concentration was 1.12, 1.03, 0.90, 0.83, and 0.81 mg/L at 0,
0.5, 1.0, 1.5, and 2.0 m away from the deposition point, respectively. This shows that after
depositing SO on the water surface, the pesticide can be quickly and evenly transported
over a large area of water surface, which should facilitate weeding in rice fields. The
deposited oil droplets spread out on the water surface under the action of the Marangoni
effect, forming an oil film containing surfactants and pesticide.

Molecules 2021, 26, x FOR PEER REVIEW  4  of  13 
 

 

 

Figure 1. Time evolution of the Marangoni ridge of SO containing 10 wt % different kinds of 

surfactants. The slope of the black dashed line in inset is 0.75. 

2.2. Distribution of Pesticide in Water after SO Diffusion on Water Surface 

According  to  Figure  2,  oxadiazon  diffused  quickly  into  the  water  after  SO 

deposition, and its concentration in water increased with time until reaching a maximum 

value of about 1 mg/L. The concentration in water decreased away from the deposition 

point: 9 h after deposition, the oxadiazon concentration was 1.12, 1.03, 0.90, 0.83, and 0.81 

mg/L  at  0,  0.5,  1.0,  1.5,  and  2.0 m  away  from  the deposition point,  respectively. This 

shows  that after depositing SO on  the water surface,  the pesticide can be quickly and 

evenly transported over a large area of water surface, which should facilitate weeding in 

rice fields. The deposited oil droplets spread out on the water surface under the action of 

the Marangoni effect, forming an oil film containing surfactants and pesticide. 

 

Figure 2. Concentration of oxadiazon in water at different times and different distances from the 

deposition point of SO containing 10 wt % S409. 
Figure 2. Concentration of oxadiazon in water at different times and different distances from the
deposition point of SO containing 10 wt % S409.

In comparison, after traditional emulsifiable concentrate (EC) was deposited on the
water surface, most of the oxadiazon remained at the deposition point (Figure 3). Although
the concentration of oxadiazon at distant sampling points would rise slowly, most of the
oxadiazon was concentrated near the deposition point, and the concentrations are much
lower at the other points (0.5, 1, 1.5, and 2 m away). This shows why the traditional EC has
to be evenly sprayed over the water surface.
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Most of the emulsifiers used in agriculture are a combination of nonionic and anionic
emulsifiers. The hydrophilic–lipophile balance (HLB) value of the emulsifier as a whole can
be adjusted by changing the ratio of nonionic and anionic emulsifiers. A suitable HLB value
can make the emulsifier have a better emulsification effect. A large number of emulsifiers
were screened with different ratios, compared the emulsification effects of emulsifiers
at different ratios, and obtained the best ratio of S409. The type and concentration of
surfactant in SO will affect its emulsification performance. We found that SO containing
10 wt % S409 has the best emulsification effect, followed by that containing 5 wt % S409. SO
containing 5 wt % S601 hardly emulsifies, and SO without surfactants does not emulsify.
From Figure 4, SO containing 10 wt % S409 can transport pesticide into water at a faster rate,
and the pesticide concentration reaches 0.89 mg/L 6 h later at 0.5 m from the deposition
point. When using only 5 wt % S409, the pesticide is also transported into water, but the
transmission rate is significantly slower, and the concentration at 0.5 m away after 6 h is
only 0.42 mg/L. When using the SO with 5 wt % S601, the pesticide transport into water is
even slower (concentration: 0.14 mg/L), although the performance is still better than SO
without surfactant (concentration: 0.04 mg/L). This shows that under the same conditions,
an SO with better emulsifying performance can carry more pesticide into water at a faster
rate, because of the enhanced formation of oil-in-water emulsion at the interface.
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after depositing SO containing different types and concentrations of surfactants.

2.3. Pesticide Transport of SO in Simulated Paddy Field System

From the results in Table 2, the concentration of oxadiazon in water after deposition
in the simulated rice paddy field is higher for SO than for EC, meaning that SO has a better
ability for transporting oxadiazon into water. The coefficient of variation (CV) is defined as
the ratio of the standard deviation of the concentration of oxadiazon to the average value
of the concentration, which is used to compare the dispersion of oxadiazon concentration.
The smaller the value of CV, the more even the dispersion. For both formulations, the
oxadiazon concentration is higher closer to the deposition point. However, the coefficient
of variation (CV) for oxadiazon concentration in water after SO deposition is less than that
after EC deposition (10.7% vs. 16.8%), indicating that SO transports the pesticide more
evenly into water. A decreasing concentration of oxadiazon away from the deposition
point was also observed in the surface soil, and the concentration difference is significantly
greater than that in water. After EC was deposited, the concentration of oxadiazon in the
surface soil was significantly higher than that after SO deposition, because EC would sink
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down to the surface soil. Following EC deposition, the oxadiazon concentrations in the
stems, leaves, and roots of the weeds are also significantly higher near the site of deposition,
further supporting the slow oxadiazon diffusion. Given enough time, the pesticide will be
slowly transported to nearby water bodies, but by that time, a lot of pesticide would have
been absorbed by rice plants near the deposition point, which may cause phytotoxicity in
practical applications. In comparison, SO can effectively avoid this problem. When we
measured the oxadiazon concentration in the stems, leaves, and roots of the weeds, the CV
values for SO are significantly smaller than those for EC. In summary, SO is more suitable
for the direct deposition on the water surface of rice fields.

Table 2. Experimentally measured distribution of oxadiazon in water, soil, and the stems, leaves, and roots of the weeds
after SO and emulsifiable concentrate (EC) are deposited on the water surface in a paddy field simulation system.

Point

Oxadiazon Concentration (mg/L)

SO EC

Water Soil Stem and Leaf Root Water Soil Stem and Leaf Root

1 0.46 ±0.13 0.42 ± 0.11
2 0.35 ± 0.07 0.35 ± 0.08
3 0.42 ± 0.07 0.31 ± 0.08
4 0.40 ± 0.09 1.46 ± 0.41 27.98 ± 9.57 14.88 ± 3.22 0.49 ± 0.13 3.19 ± 0.58 115.67 ± 34.23 11.29 ± 2.17
5 0.32 ± 0.08 0.86 ± 0.27 24.89 ± 6.37 9.34 ± 2.41 0.40 ± 0.07 1.86 ± 0.30 32.13 ± 7.54 5.95 ± 1.73
6 0.41 ± 0.10 0.87 ± 0.31 30.45 ± 8.60 10.11 ± 1.74 0.29 ± 0.05 0.96 ± 0.24 25.51 ± 6.88 5.19 ± 1.81
7 0.45 ± 0.14 0.43 ± 0.08
8 0.42 ± 0.12 0.32 ± 0.04
9 0.36 ± 0.10 0.34 ± 0.06

CV 10.7% 26.6% 8.2% 21.4% 16.8% 45.6% 71.0% 36.4%

CV means coefficient of variation.

3. Discussion

From the size of R (mm) at t = 150 ms (Figure 1), the Marangoni effect of the S500
is stronger than in case of S601 and EL20, while the Marangoni effect of S409 is stronger
than that of S601 but weaker than that of S500. The surface tension of the water subphase
is slightly greater after the deposition of SO containing 10 wt % S500 than those of S601
and EL20. If only the effect of surface tension is considered, the Marangoni effect of S500
should be weaker, but this is not the case. The likely reason is that on the one hand, the
solubility of surfactant S500 is much less than that of S601, and its exponent b is larger
than S601 and closer to 0.75, which is consistent with the literature report. On the other
hand, the hydrophilic group of S500 is benzenesulfonate, which is a short hydrophilic
chain and cannot form hydrogen bonds in reverse micelles as in the case of hydrophilic
oxyethylene chains. Therefore, it is more difficult for S500 to form reverse micelles than
it is for S601, and the stability of the formed reverse micelles is weaker than that of
nonionic surfactants. Thus, the micelle relaxation time of the micelles related to the micelle
formation/disintegration kinetics is shorter, the micellar disintegration process is faster,
the concentration of surfactant monomer is supplemented in time, and it is easier for S500
monomer adsorbs to the interface faster, thus generating a stronger Marangoni effect.

The rapid spreading of oil on the water surface caused by the Marangoni effect will
partially mix the oil film with water and promote emulsification, because the density of
SO is 0.964, which is very close to the water subphase. Subsequently, an oil-in-water
emulsion will gradually form at the oil–water interface under the action of the surfactant.
The pesticide with low water solubility is transported into water through the oil-in-water
emulsion and eventually absorbed by underwater weed shoots either directly or indirectly
through the surface soil. If directly dripped into the water, the EC merely sinks to the bottom
because of its high density. Thus, the pesticide fails to spread to kill weeds growing further
away, and it may even be toxic to the rice plant when exceeding a certain local concentration.



Molecules 2021, 26, 1408 7 of 12

Depending on the type of emulsifier, the duration of the oil film ranges from 12 to
48 h. The solvents and emulsifiers used in SO are commercial products that are widely
used in agriculture. They are low in toxicity and safe for the environment. Therefore, we
believe that the ecological impact of this method of delivery mainly depends on the types
of pesticides used, and it is necessary to avoid the use of pesticides with high toxicity
to aquatic organisms, such as pyrethroid pesticides. However, the traditional method of
applying pesticides in rice fields is mainly spraying, and the use of SO can avoid the drift
of fog drop, reduce the exposure level to the farmer, and greatly reduce the time required
for pesticide application. We believe that as long as the appropriate pesticides are selected
and SO is used rationally, the impact of the proposed delivery method on the ecological
environment can be minimized.

4. Materials and Methods
4.1. Materials

The following surfactants were purchased from Nantong Deyi (Jiangsu, China):
tristyrylphenol ethoxylates (16) [S601] (>95%), polyoxyethylene (20) castor oil (EL20)
(>95%), nonyl phenol polyoxyethylene (7) ether phosphate (NP7P) (>95%), and calcium
dodecyl benzene sulfonate (S500) (>95%). The surfactant coded “S409” was a mixture of
S601 and S500 (7:3, w/w). Oxadiazon [5-tert-butyl-3-(2,4-dichloro-5-isopropoxyphenyl)-
1,3,4-oxadiazol-2(3H)-one] (>98%) was purchased from Weifang Rainbow Chemical (Shan-
dong, China). Methyl oleate (MO) was purchased from Yihai Kerry (Shanghai, China).
Solvesso™200 (S200) was purchased from ExxonMobil Chemical (American). Cyclohexane
(HPLC grade, Fisher), acetonitrile (HPLC grade, Fisher), N-(n-propyl) ethylenediamine
(PSA) (>97%, Aldrich), sodium chloride (>99.5%), and anhydrous magnesium sulfate
(>99.5%) were purchased from Sinopharm Chemical Reagent (Shanghai, China). The
water subphase was formed by placing 50 mL of deionized water in 150-mm diameter
Petri dishes. Before and after use, the Petri dishes were rinsed with acetone, ethanol, and
deionized water in sequence and dried with compressed nitrogen.

4.2. Preparation of Spreading Oil

The pesticide (oxadiazon, 10 wt %) and a surfactant (0–15 wt %) were dissolved
in a solvent to form the SO. The solvent was a mixture of a heavy aromatic solvent,
Solvesso™200 (S200), and MO (1:1, w/w). S200 has excellent capacity for dissolving the
pesticide. However, since its density (0.985 g/cm3) is high, the solution density will exceed
that of water after dissolving a certain amount of pesticide, and the oil droplets will sink
below the water surface. Thus, we added the lighter MO (density: 0.874 g/cm3) to the
S200-pesticide system to keep the oil droplets floating and diffusing on the water surface.
On the other hand, MO has poor dissolving capacity for the pesticide, and so it is usually
not used as a solvent alone. To compare the emulsification effect of SO containing 10 wt %
different kinds of surfactants, 5 batches of SO were diluted 200 times with water.

4.3. Measurement of Marangoni Effect Caused by Deposition of SO

Figure 5 shows the experimental setup used to study the Marangoni flow caused
by depositing different oil droplets on the water surface. The Petri dish was placed on
the experiment table directly over a piece of graph paper. Deionized water (50 mL) was
added into the Petri dish until the water subphase had a uniform thickness of H0 ≈ 3 mm.
Then, 6 µL of SO was dropped using a 10 µL syringe onto the water subphase by hand.
An (light-emitting diode) light source (EF-150, JINBEI, Shanghai, China) was used to
illuminate the water surface at high intensity, in order to produce good optical contrast for
the Marangoni ridge. The Marangoni ridge was monitored from atop using a high-speed
video camera (800 × 800 pixels, 1000 fps, i-SPEED 220, iX camera). The capillary waves
and Marangoni ridge reflected inward after they reached the periphery of the Petri dish. To
avoid interference from the reflection, our analysis only used images taken within 150 ms
after oil droplet deposition. The frame with the oil droplet initially contacting the water
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subphase was chosen as the starting frame (0 ms), followed by frames taken every 10 ms
up to 150 ms. ImageJ software was used to process these 16 images to obtain the position
of the Marangoni ridge at different times. Each experiment was repeated at least three
times to check reproducibility. Volume precision of the 10 µL syringe was within ±1%. The
location precision can be corrected and reduced to±0.25 mm later during a frame-by-frame
analysis. The Allometric1 function (y = a xb) was used to fit the data at 15 time points to
the equation R(t) = A tb, where b is the power [20]. To study the influence of surfactant
varieties, we prepared 5 batches of SO containing S601, S500, EL20, and S409 at 10 wt %.
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4.4. Surface/Interface Tension Measurement

The surface tension of the subphase after deposition of the SO droplet was measured
by the Wilhelmy hanging plate method with an automatic surface tension meter (JK99B,
POWEREACH®, Shanghai, China). A 150 mm diameter Petri dish was placed below the
Wilhelmy hanging plate, and deionized water (50 mL) was added to the Petri dish as the
water subphase. After the deposition of SO, the lower end of the hanging plate was laid
down to barely touch the water to form a meniscus and allowed to equilibrate for 1 min to
obtain stable data.

The surface tension of the bulk SO was measured by the Wilhelmy hanging plate
method after 30 mL of SO was added to a 60 mm diameter Petri dish.

The interface tension between SO and water was measured by the Du Nouy ring
method with an automatic surface tension meter (JK99B, POWEREACH®, Shanghai, China).
A 60 mm diameter Petri dish was placed below the Du Nouy ring, and deionized water
(30 mL) was added to the Petri dish as the water subphase. Then, 30 mL of SO was added
to the Petri dish. The ring was first immersed below the oil–water interface and then raised
above the oil–water interface. When passing through the oil–water interface, a liquid
column will be formed, and the oil–water interfacial tension value will be automatically
captured by the software. This method cannot measure interface tension accurately below
1 mN/m, and the result below 1 mN/m is recorded as <1 mN/m.

Triplicate measurements were carried out for each sample, and the results were highly
reproducible. Between sample measurements, the hanging plate/ring was sequentially
rinsed with acetone, water, ethanol, and water, and then burned with an alcohol lamp until
the water evaporated.

4.5. Measurement of Pesticide Transport in Water after SO Deposition

Transport of the pesticide in water after the deposition of SO was measured in a tank
made of acrylic board, as shown in Figure 6A. The U-shaped water tank had a dimension
of 1 m × 0.2 m × 0.1 m. After deposition, SO spread on the water surface by Marangoni
flow and formed an oil film. In addition, emulsification occurred at the oil–water interface,
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which caused more pesticide to be transported into the water. A cluster of hollow glass
microspheres with a mean diameter of 50 µm was placed in front of the deposition point,
in order to make the front of the oil film easy to observe (Video S2 in the Supplementary
Materials). Before the experiment, deionized water was added to the tank to reach a depth
of 5 cm. Then, 0.1 mL SO containing 10 wt % S409 and 10 wt % oxadiazon was added to
the water surface at the starting point on one side. After waiting 0.5, 1, 1.5, 2, 3, 4, 6, and
9 h, 5 mL of the water sample was drawn by syringe at 0, 0.5, 1, 1.5, and 2 m from the
deposition point. There was approximately 10 L of water in the sink; therefore, 5 mL makes
only 0.05% of the total volume. We think it is difficult to cause strong enough flows in the
liquid of the entire trough to make these measurements interfere with one another. After
extracting the water samples with 2.5 mL cyclohexane and centrifuging the supernatant at
3000 rpm (3622 times gravity) for 3 min, a small amount of anhydrous sodium sulfate was
added for drying. Sodium sulfate was removed by centrifugation at 3000 rpm for 3 min,
and the cyclohexane phase was analyzed by gas chromatography with electron capture
detector (GC-ECD) [34].
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To study the effect of surfactant type and concentration on the pesticide transport, we
prepared 3 batches of SO containing 10 wt % oxadiazon and different surfactants: 5 wt %
S409, 5 wt % S601, and no surfactant. After waiting 0.5, 1, 1.5, 2, 3, 4, and 6 h, 5 mL of water
sample was drawn by syringe at 0.5 m from the deposition point.

For comparison with the SO, a traditional emulsifiable concentrate (EC) formulation
was also prepared by mixing 10 wt % oxadiazon, 10 wt % NP7P, and 80 wt % S200. When
such ECs are directly sprayed on the water surface, the droplets usually sink to the bottom
and emulsify the water subphase. As a result, the pesticide tends to accumulate at the very
bottom over the subwater soil layer. Pesticide transport experiments for EC were carried
out under the same conditions as those for SO.

4.6. Pesticide Transport from SO in Simulated Paddy Field System

An indoor simulated paddy field was designed to study pesticide transport after SO
deposition in a complex system containing water, soil, and weed. Soil was added to a
plastic box (60 cm × 40 cm × 15 cm) to form a 3 cm layer. Germinated seeds of barnyard
grass (Echinochloa crusgalli (L.) Beauv), a major weed affecting rice yields, were sown
in the soil (about 25 barnyard grass per square decimeter). Then, deionized water was
added to a depth of 5 cm, and nine sampling points were set as shown in Figure 6B. When
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the grass reached the 2-leaf stage, 0.2 mL of SO containing 10 wt % oxadiazon was added
to point 4. After waiting for 48 h, 5 mL water samples were taken at the nine points and
analyzed by the method mentioned in Section 4.5. Moreover, 5 g of surface soil containing
the weeds was taken at points 4, 5, and 6. After ultrasonically cleaning the weeds, the roots
were cut off. The stems and leaves were mashed together and extracted with acetonitrile.
The same treatment was applied to the roots. The supernatant was purified with PSA and
dried with anhydrous magnesium sulfate after centrifugation.

5. Conclusions

In this work, we studied the Marangoni effect produced by SO deposition on the
water subphase and the feasibility of using this effect to transport pesticides throughout
water. High-speed photography was used to monitor the Marangoni ridge caused by
the deposition of oil droplets, and the dynamics of the Marangoni ridge was determined
through frame-by-frame analysis. We found that the Marangoni ridge moved following a
power law, and the exponent (close to 0.75) was consistent with the theoretical prediction.
Adding surfactants to the pesticide-containing oil droplets could significantly accelerate
the movement of the Marangoni ridge, indicating an enhanced Marangoni effect. This is
because compared to oil, the surfactants could more strongly reduce the surface tension of
the water subphase. The hydrophilic group of S500 is benzenesulfonate, which is a short
hydrophilic chain and cannot form hydrogen bonds in reverse micelles as in the case of
hydrophilic oxyethylene chains. Therefore, it is more difficult for S500 to form reverse
micelles than it is for S601, and the stability of formed reverse micelles is weaker than that
of nonionic surfactants. Thus, the micelle relaxation time of the micelles related to the
micelle formation/disintegration kinetics is shorter, the micellar disintegration process
is faster, and the concentration of surfactant monomer is supplemented in time, and it
is easier for S500 monomer to adsorbs to the interface faster, thus generating a stronger
Marangoni effect.

Through experiments in water tanks and simulated paddy field systems, we found
that the rapid spreading of oil on the water surface caused by the Marangoni effect will
partially mix the oil film with water and promote emulsification; SO can quickly and
evenly transport pesticides over the water after deposition on the water surface. Then, the
pesticide can be absorbed by the topsoil and weeds to kill the weeds. A strong emulsifying
effect of the SO means a better ability to transport the pesticide into water. The type and
concentration of surfactants in the oil droplets also affect the pesticide transport from SO
into water. In contrast, traditional EC directly deposited on the water surface performed
poorly. This suggests the potential of SO as a labor-saving pesticide formulation for
application in rice fields.

Similar formulations using the Marangoni effect to transport pesticides are widely
used in Japan and have broad application prospects in China. However, the mechanism of
pesticide transport from these formulations has not been examined in depth. Our study
provides theoretical support for the further research and development of labor-saving
pesticide formulations using the Marangoni effect, as well as improving their application
method in the field. In addition, we plan to study the influence of complex environmental
factors in the field, such as floating objects, plants, silt, and wind, on the Marangoni effect.

Supplementary Materials: The following are available online, Video S1: The movement of Marangoni
ridge; Video S2: Spreading of SO on water surface.

Author Contributions: Conceptualization, J.L.; methodology, J.L.; software, J.L.; validation, J.L.;
formal analysis, J.L. and X.G.; investigation, J.L.; resources, X.W. and Y.X.; data curation, J.L.; writing—
original draft preparation, J.L.; writing—review and editing, J.L.; visualization, J.L.; supervision,
X.W.; project administration, J.L., Y.X. and X.W.; funding acquisition, X.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2017YFD 0200301).



Molecules 2021, 26, 1408 11 of 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Bain, C.D. Motion of Liquids on Surfaces. ChemPhysChem 2001, 2, 580–582. [CrossRef]
2. Craster, R.V.; Matar, O.K. Dynamics and stability of thin liquid films. Rev. Mod. Phys. 2009, 81, 1131–1198. [CrossRef]
3. Hoult, D.P. Oil Spreading on the Sea. Annu. Rev. Fluid Mech. 1972, 4, 341–368. [CrossRef]
4. Stone, H.; Stroock, A.; Ajdari, A. Engineering Flows in Small Devices: Microfluidics toward a Lab-On-A-Chip. Annu. Rev. Fluid

Mech. 2004, 36, 381–411. [CrossRef]
5. Grunze, M. Driven Liquids. Science 1999, 283, 41–42. [CrossRef]
6. Halpern, D.; Jensen, O.E.; Grotberg, J.B. A Theoretical Study of Surfactant and Liquid Delivery into the Lung. J. Appl. Physiol.

1998, 85, 333. [CrossRef]
7. Gaver, D.P.; Grotberg, J.B. The dynamics of a localized surfactant on a thin film. J. Fluid Mech. 1990, 213, 127–148. [CrossRef]
8. Jensen, O.E. The spreading of insoluble surfactant at the free surface of a deep fluid layer. J. Fluid Mech. 1995, 293, 349. [CrossRef]
9. Camp, D.W.; Berg, J.C. The spreading of oil on water in the surface-tension regime. J. Fluid Mech. 1987, 184, 445–462. [CrossRef]
10. Dunér, G.; Garoff, S.; Przybycien, T.M.; Tilton, R.D. Transient Marangoni transport of colloidal particles at the liquid/liquid

interface caused by surfactant convective-diffusion under radial flow. J. Colloid Interface Sci. 2016, 462, 75–87. [CrossRef]
11. Stetten, A.Z.; Moraca, G.; Corcoran, T.E.; Tristram-Nagle, S.; Garoff, S.; Przybycien, T.M.; Tilton, R.D. Enabling Marangoni flow at

air-liquid interfaces through deposition of aerosolized lipid dispersions. J. Colloid Interface Sci. 2016, 484, 270–278. [CrossRef]
12. Elfring, G.J.; Leal, L.G.; Squires, T.M. Surface viscosity and Marangoni stresses at surfactant laden interfaces. J. Fluid Mech. 2016,

792, 712–739. [CrossRef]
13. Le Roux, S.; Roché, M.; Cantat, I.; Saint-Jalmes, A. Soluble surfactant spreading: How the amphiphilicity sets the Marangoni

hydrodynamics. Phys. Rev. E 2016, 93, 13107. [CrossRef]
14. Mollaei, S.; Darooneh, A.H. Spreading, fingering instability and shrinking of a hydrosoluble surfactant on water. Exp. Therm.

Fluid Sci. 2017, 86, 98–101. [CrossRef]
15. Sharma, R.; Corcoran, T.E.; Garoff, S.; Przybycien, T.M.; Tilton, R.D. Transport of a partially wetted particle at the liquid/vapor

interface under the influence of an externally imposed surfactant generated Marangoni stress. Colloids Surf. A Physicochem. Eng.
Asp. 2017, 521, 49–60. [CrossRef] [PubMed]

16. Dunér, G.; Kim, M.; Tilton, R.D.; Garoff, S.; Przybycien, T.M. Effect of polyelectrolyte–surfactant complexation on Marangoni
transport at a liquid–liquid interface. J. Colloid Interface Sci. 2016, 467, 105–114. [CrossRef] [PubMed]

17. Bormashenko, E.; Bormashenko, Y.; Grynyov, R.; Aharoni, H.; Whyman, G.; Binks, B.P. Self-Propulsion of Liquid Marbles:
Leidenfrost-like Levitation Driven by Marangoni Flow. J. Phys. Chem. C 2015, 119, 9910–9915. [CrossRef]

18. Izri, Z.; Van Der Linden, M.N.; Michelin, S.; Dauchot, O. Self-Propulsion of Pure Water Droplets by Spontaneous Marangoni-
Stress-Driven Motion. Phys. Rev. Lett. 2014, 113, 248302. [CrossRef] [PubMed]

19. Gaver, D.P.; Grotberg, J.B. Droplet spreading on a thin viscous film. J. Fluid Mech. 1992, 235, 399. [CrossRef]
20. Wang, X.; Bonaccurso, E.; Venzmer, J.; Garoff, S. Deposition of drops containing surfactants on liquid pools: Movement of the

contact line, Marangoni ridge, capillary waves and interfacial particles. Colloids Surf. A Physicochem. Eng. Asp. 2015, 486, 53–59.
[CrossRef]

21. Jensen, O.E.; Grotberg, J.B. Insoluble surfactant spreading on a thin viscous film: Shock evolution and film rupture. J. Fluid Mech.
1992, 240, 259–288. [CrossRef]

22. Foda, M.; Cox, R.G. The spreading of thin liquid films on a water-air interface. J. Fluid Mech. 1980, 101, 33–51. [CrossRef]
23. Berg, S. Marangoni-driven spreading along liquid-liquid interfaces. Phys. Fluids 2009, 21, 032105. [CrossRef]
24. Bergeron, V.; Langevin, D. Monolayer Spreading of Polydimethylsiloxane Oil on Surfactant Solutions. Phys. Rev. Lett. 1996, 76,

3152–3155. [CrossRef] [PubMed]
25. Lee, K.; Starov, V. Spreading of surfactant solutions over thin aqueous layers: Influence of solubility and micelles disintegration.

J. Colloid Interface Sci. 2007, 314, 631–642. [CrossRef]
26. Iasella, S.V.; Sun, N.; Zhang, X.; Corcoran, T.E.; Garoff, S.; Przybycien, T.M.; Tilton, R.D. Flow regime transitions and effects on

solute transport in surfactant-driven Marangoni flows. J. Colloid Interface Sci. 2019, 553, 136–147. [CrossRef]
27. Fallest, D.W.; Lichtenberger, A.M.; Fox, C.J.; Daniels, K.E.; Igel, A. Fluorescent visualization of a spreading surfactant. New J. Phys.

2010, 12, 73029. [CrossRef]
28. Takeshita, T.; Noritake, K. Development and promotion of laborsaving application technology for paddy herbicides in Japan.

Weed Biol. Manag. 2001, 1, 61–70. [CrossRef]
29. Hamamura, K. Development of herbicides for paddy rice in Japan. Weed Biol. Manag. 2018, 18, 75–91. [CrossRef]

http://doi.org/10.1002/1439-7641(20011015)2:10&lt;580::AID-CPHC580&gt;3.0.CO;2-J
http://doi.org/10.1103/revmodphys.81.1131
http://doi.org/10.1146/annurev.fl.04.010172.002013
http://doi.org/10.1146/annurev.fluid.36.050802.122124
http://doi.org/10.1126/science.283.5398.41
http://doi.org/10.1152/jappl.1998.85.1.333
http://doi.org/10.1017/S0022112090002257
http://doi.org/10.1017/S0022112095001741
http://doi.org/10.1017/S0022112087002969
http://doi.org/10.1016/j.jcis.2015.09.042
http://doi.org/10.1016/j.jcis.2016.08.076
http://doi.org/10.1017/jfm.2016.96
http://doi.org/10.1103/PhysRevE.93.013107
http://doi.org/10.1016/j.expthermflusci.2017.04.005
http://doi.org/10.1016/j.colsurfa.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28479673
http://doi.org/10.1016/j.jcis.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26775240
http://doi.org/10.1021/acs.jpcc.5b01307
http://doi.org/10.1103/PhysRevLett.113.248302
http://www.ncbi.nlm.nih.gov/pubmed/25541808
http://doi.org/10.1017/S0022112092001162
http://doi.org/10.1016/j.colsurfa.2015.09.029
http://doi.org/10.1017/S0022112092000090
http://doi.org/10.1017/S0022112080001516
http://doi.org/10.1063/1.3086039
http://doi.org/10.1103/PhysRevLett.76.3152
http://www.ncbi.nlm.nih.gov/pubmed/10060888
http://doi.org/10.1016/j.jcis.2007.06.009
http://doi.org/10.1016/j.jcis.2019.06.016
http://doi.org/10.1088/1367-2630/12/7/073029
http://doi.org/10.1046/j.1445-6664.2001.00003.x
http://doi.org/10.1111/wbm.12147


Molecules 2021, 26, 1408 12 of 12

30. Fujita, S.; Hiraoka, M.; Ikeuchi, T.; Kobayashi, M. Development of the novel formulation “MAMETSUBU” for the paddy rice. J.
Pestic. Sci. 2015, 40, 160–164. [CrossRef]

31. Ash, P.A.; Bain, C.D.; Matsubara, H. Wetting in oil/water/surfactant systems. Curr. Opin. Colloid Interface Sci. 2012, 17, 196–204.
[CrossRef]

32. Wilkinson, K.M.; Bain, C.D.; Matsubara, H.; Aratono, M. Wetting of Surfactant Solutions by Alkanes. ChemPhysChem 2005, 6,
547–555. [CrossRef] [PubMed]

33. Cheng, T.; Zhao, Y.; Li, X.; Lin, F.; Xu, Y.; Zhang, X.-L.; Li, A.Y.; Wang, R.; Lai, L. Computation of Octanol−Water Partition
Coefficients by Guiding an Additive Model with Knowledge. J. Chem. Inf. Model. 2007, 47, 2140–2148. [CrossRef] [PubMed]

34. Fenoll, J.; Hellín, P.; Flores, P.; Sotomayor, J.A.; Nicolás, M.I. Determination of oxadiazon and oxyfluorfen in thyme by gas
chromatography with electron-capture detection and gas chromatography/mass spectrometry. Int. J. Environ. Anal. Chem. 2008,
88, 663–670. [CrossRef]

http://doi.org/10.1584/jpestics.J15-02
http://doi.org/10.1016/j.cocis.2012.02.004
http://doi.org/10.1002/cphc.200400514
http://www.ncbi.nlm.nih.gov/pubmed/15799482
http://doi.org/10.1021/ci700257y
http://www.ncbi.nlm.nih.gov/pubmed/17985865
http://doi.org/10.1080/03067310802030699

	Introduction 
	Results 
	Influence of Surfactants on Marangoni Effect 
	Distribution of Pesticide in Water after SO Diffusion on Water Surface 
	Pesticide Transport of SO in Simulated Paddy Field System 

	Discussion 
	Materials and Methods 
	Materials 
	Preparation of Spreading Oil 
	Measurement of Marangoni Effect Caused by Deposition of SO 
	Surface/Interface Tension Measurement 
	Measurement of Pesticide Transport in Water after SO Deposition 
	Pesticide Transport from SO in Simulated Paddy Field System 

	Conclusions 
	References

