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Abstract: Recently, unmanned aerial vehicles (UAVs) have been widely used to spray pesticides to control diseases and pests
of many crops. During the process of pesticide application by UAV spraying, aerial spraying tank-mix adjuvants are usually
mixed with pesticide solution to improve the efficiency of pesticides. Preventing pesticides depositing in off-target area is
important in enhancing pesticide utilization. Improving the wetting and spreading of pesticides is one of the most important
ways to reduce pesticide droplets running off from the target. This study is focusing on the effects of aerial spraying tank-mix
organosilicone adjuvant (OA) on surface tension and spreading coefficient of pesticide solutions. ~Six pesticide solutions used
alone and mixed together of different concentrations are prepared under field application conditions. Surface tension and
spreading coefficient of the solution with and without OA were measured, respectively. The results show that OA could
significantly lower surface tension and increase spreading coefficient of pesticide solutions regardless of solution concentrations.
OA with concentration higher than critical micelle concentration (CMC) could not further decrease surface tension, but still could
significantly increase spreading coefficient of the solution. For solutions with single pesticide belongs to different formulations,
the minimum needed concentration of OA is different due to formulation type. The minimum concentration of OA for
solution of suspension concentrate and aqueous solution (0.5%0-0.7%o) is lower than that of solutions of emulsifiable concentrate
(EC) (2.0%0-5.0%0). For solutions of several pesticides mixed together, the minimum concentration of OA is related to the
number of EC formulation in the solution. For pesticide solutions containing one EC formulation, the minimum concentration

of OA is 2.0%o; for pesticide solutions containing two or three EC formulation, the minimum concentration of OA is
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recommended to be 5.0%0-10.0%o.

These results suggest that the concentration of OA needed for pesticide solution should be

evaluated before field application considering pesticide belonging to different formulations mixing together for application.
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1 Introduction

Pesticide applications are one of crucial way to ensure the
production and quality of agricultural products!'l. Improving the
wettability of spraying liquid on the target crop surface is one of
the effective ways to enhance the utilization efficiency of
pesticide™.  During the application process, off-target deposits of
pesticides and pesticides removed from agricultural crops due to
rainfall might pollute the environment®. The efficiency of
pesticides applied by spraying on leaves is depended on the amount
of pesticide solution retains on leaf surface!. Most of plants have

natural wax acting as a substantial barrier for wetting and spreading
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of pesticide droplets?.
pesticides.
tension of fresh water in different places might be different due to
temperature difference and other conditions). When water is

Water is a dilution solution for many
The surface tension of water is relatively high (surface

sprayed on the surface of hydrophobic plants, its retention capacity
is very low because of surface tension of water is higher than that
of the critical surface tension (CST) of plant surfacel®.
cases of pesticide application by spraying, it is difficult for water to
wet the leaves evenly. Therefore, it is necessary to add some
tank-mix adjuvant into pesticide solution for better application!”.
The adjuvants can affect the physical and chemical parameters,

In most

such as volume median diameter and uniformity coefficient of
droplets®.  Tank-mix adjuvant is used to aid or modify the action
of an agrichemical, or the physicochemical properties of the

mixturel®.

The adjuvant reduces the surface tension by
accumulate its molecules at the air-water interface. The reduction
of surface tension continues with the increasing of adjuvant
concentration until the interface is saturated with adjuvant
molecules. The concentration of tank-mix adjuvant at this point is
called CMC!.  Adjuvant that can rapidly reduce dynamic surface
tension of the solution make surface tension of pesticide droplets
less than CST of plant stems and leaves, so that the droplets can
wet and spread easily on the plant surface, improving the efficiency
of pesticides. In pesticide application process, agricultural

tank-mix adjuvants are often used to enhance the control efficacy
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of disease, pest and weed ).

Agricultural silicone surfactants mainly include agricultural
formula assistants and spray auxiliaries. The latter are widely
used during pesticide application process. Organosilicone
adjuvants (OAs) have an extreme spreading ability to wet the target
surface by reducing surface tension and contact angle of aqueous
solution (AS)'*'). Density of OAs is very similar to that of water,
so they are relatively non-viscous and are readily poured, measured
and dispersed in water'”. In general, OAs can effectively promote
the rapid absorption of pesticide solution and improve the utilization
rate of pesticides by reducing the surface tension of water and
increasing the expansion area of the solution on the target!'*.

Recently, small unmanned aerial vehicles (UAVs) are widely
used for pesticide spraying application on wheat and rice!>'*.
Due to the advantages of high efficiency, flexibility and excellent
water saving performance !> the development of UAVs in pest
and disease control is rapid[17'19]. However, the downsides of
UAVs are equally notable, such as high potential of drift risk!?**"
because of the small droplet size and the long distance between
nozzle and crop canopy compared to ground-based machine
sprayers.  Therefore, improving the disadvantages of UAV
application is attracted the attention of researchers. UAV
spraying pesticide by mixing appropriate adjuvant could improve
pesticide utilization!®). When using UAV spraying water without
adjuvant, 90% of drift droplets landed within a range of 10.1 m of
the target area, while with 0.8% Silwet DRS-60 adjuvant
(belonging to OA) in water, the distance is shortened to 6.4 m!*°.
Compared to distilled water, surface tension of distilled water
mixing with tank-mix OA with concentration of 0.5% decreases by
64.7%, and spreading coefficient increases by 74.5 times!*?,

Due to low volume of UAV spraying, pesticides are diluted in
water in high concentration. Furthermore, during the process of
field application, several pesticides from the same formulation or

different formulations are always mixed together in one application.

Aerial spraying adjuvants are added into pesticide solution to
improve the efficiency of pesticides. In this paper, followed UAV
field application volume of 13.5-22.5 L/ha, six pesticides belonging
to three formulations (emulsifiable concentrate (EC); suspension
concentrate (SC) and AS ) are diluted with tap water alone or
mixed together accordingly, and the effects of aerial spraying OA
on surface tension reduction and spreading expansion of pesticide
solutions are evaluated.

2 Materials and methods

2.1 OA and pesticides

The registered rate of aerial spraying tank-mix OA (QF-LY)
used in this study is 1 mL/L, produced and provided by Anyang
Quanfeng Biotechnology Co., Ltd. The basic information of
insecticides, fungicides and plant growth regulator used are listed
in Table 1. The pesticides are also produced and provided by the
same company as the adjuvant.

Table 1 Pesticide formulations used in the study

Pesticide Common names Abbreviation Dosage

classification of pesticides of common name ~ /mL-hm™
600 g/L imidacloprid SC 1 90
Insecticide  4.5% beta-cypermethrin EC B 600
5% acetamiprid EC A 600
. 30% tebuconazole SC T 450

Fungicide .
12.5% myclobutanil EC M 450
o 1: .

Plant growth  1.6% diethyl aminoethyl D 300

regulator hexanoate AS

2.2 Preparation of solutions

In order to simulate the field application solution, tab water is
used to prepare solutions. Solutions tested are prepared in series
of spraying volumes (13.5 L/ha, 18.0 L/ha and 22.5 L/ha) with high
concentration, which are applied by UAV field application.
Solutions are prepared in groups according to the application
spraying volumes, pesticide formulations and concentration of OA.
A series of solutions with different concentrations of OA and
pesticide are prepared in very group solution.

2.3 Surface tension and CMC of OA

Surface tensions of the tested solutions are measured by ZL-2
automatic tensiometer (made by Shandong Sanbengkesen
Instrument Co., Ltd.) using ring method under non-equilibrium
conditions. The measurement range of the tensiometer is 5-
95 mN/m and the sensitivity threshold is 0.1 mN/m.

The tensiometer is calibrated before measurements. Surface
tension of every solution is measured three times to calculate an
average value. Indoor laboratory for measuring surface tension is
kept at constant temperature 21+0.2°C.

When adjuvant concentration reaches CMC value, the surface
tension does not decrease with the increasing of adjuvant
concentration. The CMC value of adjuvant is usually measured
by surface tension and electrical conductance methods. If the
former method is applied, when the surface adsorption reaches
saturation, the turning point of the curve is CMC value, which is
suitable for both ionic and non-ionic surfactants. After reaching
CMC value, surface tension value is kept unchanged and is not
affected by adjuvant concentration. Therefore, CMC could also
be determined by measuring the surface tension of surfactant
aqueous solutions with different concentrations.  When the
surface tension remains basically unchanged, the lowest
concentration is CMC value®®!. In this study, the CMC of the
adjuvant aqueous solution is determined by surface tension method.
2.4 Spreading coefficient

Pesticide wetting test cards (WTCs) prepared by Institute of
plant protection, Chinese Academy of Agricultural Sciences are
used to measure spreading coefficient, wherein the spreading
coefficient is defined as the spreading area of 20 pL liquid on WTC.
According to Zhang et al®*, the wettability of different pesticide
solutions can be measured by spreading coefficient. The contact
angles of water on WTC and wheat leaves are 104.5° and 109.3°,
respectively. It can be considered that the wetting conditions of
water on WTCs and wheat leaves are similar®. In the
measurements, the spreading area of 20 pL water on WTC is
defined as a reference, while the spreading area of the pesticide
solution on the WTC is measured and normalized to the reference.
Pesticide solution of 20 pL is transferred onto the center of WTC
with a pipette gun or other liquid extractor. The solution will
spread on the WTC, and the part of the WTC contacting with the
solution liquid will change color. After the solution stops
spreading, the number of cells occupied by color is counted. The
number of colored cells is the spreading coefficient of the solution
on the WTC. Spreading coefficient of each solution is measured
for once.

In this study, the influence of various concentrations of OA on
water surface tension and spreading coefficient is researched to
determine the CMC value. Then, surface tension and spreading
coefficient of different concentration of single- or mix-pesticide
formulation solutions are measured.

2.5 Statistical analyses
Means are compared using Duncan’s multiple range test at o =
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0.05 in software of SPSS 16.0 (IBM, Chicago, USA).
3 Results

3.1 OA aqueous solution

In order to study the effect of different concentration of OA on
the surface tension and spreading coefficient of aqueous solution,
gradient adjuvant concentrations are added to tap water to measure
the change of surface tension and spreading coefficient. The
results are shown in Table 2.

Table 2  Effects of spraying adjuvant concentration on surface
tension and Spreading coefficient of water

Adjuvant concentration/%o  Surface tension/mN-m”  Spreading coefficient

0 57.0£0.8a 1
0.1 22.2+0.2b 4
0.2 21.6+0.3b 10
0.5 20.8+0.4c 34
0.7 20.7£0.3¢ 63
0.8 20.5£0.3¢ 64
1.0 20.8£0.1c 74
1.1 20.9+0.2¢ 84

Note: a. Surface tension values are shown as “mean + SD”; b. Different
lowercase letters mean significant difference at a=0.05.

As shown in Table 2, the surface tension of tap water without
OA is 57.0 mN/m. After adding different concentrations of
adjuvant, the surface tension decreases to 20.2-22.2 mN/m, and
then it keeps at a stable value when adjuvant concentration reaches
0.5%0. According to Gu et al ®, the CMC value of OA can be
determined as 0.5%o, and the corresponding surface tension is
20.8 mN/m. After adding the above series of concentrations into
water, the spreading coefficients of water increase from 4 to 84
with the increase of OA concentration. Thus, while pesticides
diluted by water for application, considering the influence of
wetting spreading effect on the control efficacy, especially for
those pesticides with contact effect, the recommended
concentration of OA is 0.7-1.0 %o. For systemic pesticides, the
recommended concentration of the adjuvant is 0.5%.

3.2 Single pesticide formulation solutions

The physicochemical properties of pesticide solution are
different from those of water. In this section, pesticides of SC,
EC and AS are diluted into a series of concentrations with water
respectively. Then the adjuvant with different concentrations is
added into the solution. Concentrations of the solution are similar
to field application by UAV.  After the preparation, the surface
tension and spreading coefficient of pesticide solutions are
measured immediately.

Tebuconazole solution. As shown in Table 3, before the
adjuvant is added, the surface tensions of tebuconazole solution of
30 mL/L (373 mN/m) and 6.0 mL/L (38.3 mN/m) are
significantly lower than that of other concentrations. However,
there is no significant difference among the surface tension of other
concentrations, with an average of 40.4 mN/m. The spreading
coefficient is 1.5 when the concentration of tebuconazole solution
is between 3.0-20.0 mL/L. While the concentration of
tebuconazole solution is 23.3-33.3 mL/L, the spreading coefficient
is 2. It can be considered that the spreading coefficient of
tebuconazole solution with high concentration has no significant
relationship with the concentration of tebuconazole solution
without mixing adjuvant.

Surface tension and spreading coefficient of tebuconazole
solution have been changed after the adjuvant is mixed with the

solution. When the adjuvant concentration is less than CMC, the
spreading coefficient is 5-8 and surface tension is 22.9-23.9 mN/m.
At CMC, the surface tension is 22.7 mN/m, which is slightly higher
than that of water (20.8 mN/m) with adjuvant of the same
concentration. And the spreading coefficient of the solution is
one half of that of water with adjuvant concentration of CMC.
While Adjuvant keeps unchangeable and
tebuconazole concentrations is changed, it could be found that, the
higher concentration of tebuconazole solution is, the smaller the
spreading coefficient is. Compared to water, the spreading
coefficient of tebuconazole solution with different concentrations
of OA changes less than that of water. However, the adjuvant has

concentration

obvious ability to promote the spreading of tebuconazole solution.
Therefore, for the aerial application with low volume and high
concentration, the adjuvant might improve the wetting and
spreading of tebuconazole solution on the target surface obviously.
However, when the concentration of the adjuvant is CMC,
increasing the adjuvant concentration cannot improve wetting and
spreading of the solutions, which is different from water with
adjuvant concentration above CMC. This may be due to the
physical and chemical properties of tebuconazole solution.

Table 3 The surface tension and spreading coefficient of
tebuconazole solution under different concentrations with or

without OA
Tebuconazole solution Adjuvant Surface tension Spreading
concentration/mL-L™" concentration/%o /mN-m' coefficient
333 0 40.6+0.2a 2
30 0 40.5£0.2a 2
25 0 40.410.3a 2
233 0 40.5£0.3a 2
20 0 40.4+0.1a 1.5
17.5 0 40.310.2a 1.5
16 0 40.2+0.2a 1.5
15 0 40.4+0.2a 1.5
14 0 40.1£0.3a 1.5
6 0 38.3+0.3b 1.5
3 0 37.3+0.3b 1.5
333 1.1 22.6+0.2a 26
26.7 1.1 22.1+0.5a 31
233 1.1 22.0+0.2a 33
30 1 22.7+0.4a 29
17.5 0.8 22.6+0.3a 30
20 0.8 22.7+0.3a 29
25 0.8 22.5+0.2a 24
20 0.7 22.7+0.5a 22
16 0.7 22.4+0.2a 27
14 0.7 22.4+0.3a 28
15 0.5 22.7+0.4a 17.7
6 0.2 22.9+0.2a 8
3 0.1 23.9+0.2a 5

Notes: a. Surface tension values are denoted as “mean + SD”; b. The significance
analysis of surface tension is divided into two groups: the group without
adjuvant and the group with adjuvant; c¢. The same lowercase letters mean no
significant difference in the same group at =0.05.

Imidacloprid solution. It can be seen from Table 4 that the
concentration of imidacloprid solution has little effect on the
spreading coefficient, but has a significant effect on surface tension.
The surface tension of imidacloprid solution with concentration of
2.8 g/L is 46.2 mN/m, which is significantly higher than that of
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other concentrations. Surface tension (43.4 mN/m) of
imidacloprid solution with concentration of 5.0 g/L is significantly
higher than that (40.7-41.5 mN/m) of imidacloprid solution with

concentration of 3.2-4.0 g/L.
Table 4 Surface tension and spreading coefficient of
imidacloprid with different concentrations with or without
aerial spraying OA

Imidacloprid solution Adjuvant Surface tension  Spreading
Concentration/g-L" concentration/%o /mN-m™" coefficient
2.8 0 46.2+0.3a 2
32 0 40.7+0.3¢ 1
35 0 40.7+0.1¢ 1
4.0 0 41.5+0.2¢ 1
5.0 0 43.4+0.3b 1
2.8 0.7 21.1+0.5a 63
32 0.7 21.3+1.0a 58
4.0 0.7 18.840.5b 48
35 0.8 18.010.1b 42
4.0 0.8 20.5+0.3a 60
5.0 0.8 20.5+0.2a 70
4.7 1.1 20.9+0.3a 84
53 1.1 20.9+0.3a 96
6.7 1.1 21.0+0.1a 110

Notes: a. Surface tension values are indicated as “mean + SD”; b. The
significance analysis of surface tension is divided into two groups: the group
without adjuvant and the group with adjuvant; c. Different lowercase letters
mean significant difference in the same group at a=0.05.

After adding OA with different concentrations to the solution,
surface tension decreases notably from 40.7-46.2 mN/m to 18.0-
21.3 mN/m, and the spreading coefficient increases significantly
from 1-2 to 42-110. With the OA concentration of 0.7 %o, the
spreading coefficient decreases with the increase of imidacloprid
concentration. With the OA concentration of 0.8 %o and 1.1 %eo,
the spreading coefficient increases with the increase of
imidacloprid concentration. This may be caused by the
interaction between imidacloprid concentration and the adjuvant
concentration and physicochemical properties of the solution.
Thus, in field operation, the surface tension of imidacloprid
solution mixed with the adjuvant of three concentrations is
significantly less than the CST of wheat (36.26-39.00 mN/m)!**,
and the spreading coefficient is more than 40.

Diethyl aminoethyl hexanoate (AS) solution. As shown in
Table 5, before the addition of adjuvant, the surface tension of
diethyl aminoethyl hexanoater solution with different
concentrations is 53.9-55.6 mN/m, which is slightly lower than that
of tap water (57 mN/m); the spreading coefficient of the solution is
1, which is the same as that of clean water. Therefore, the surface
tension and spreading coefficient are not affected by the
concentration of diethyl aminoethyl hexanoater before the addition
of the adjuvant. After the solutions mixed with the adjuvant with
different concentrations, the surface tension of diethyl aminoethyl
hexanoater decreases to 20.2-21.2 mN/m, which is consistent with
the surface tension of the adjuvant with concentration greater than
or equal to CMC in Table 2. The spreading coefficient of diethyl
aminoethyl hexanoater solution increases with the increase of the
concentration of the adjuvant. The spreading coefficients of the
three adjuvant concentrations 0.7 %o, 0.8 %o and 1.1 %o are 61, 82
and 90, respectively.

Beta-cypermethrin (EC) solution.
Table 6 that the surface tension of beta-cypermethrin solution
without the adjuvant is not affected by the concentrations, except

It can be seen from

that (30.0 mN-m™) for the solution with concentration of 31.1 mL/L.
Before the addition of additives, the spreading coefficient of
beta-cypermethrin solution is 2-3.5 when the solution concentration
is less than or equal to 26.7 mL/L, and 4 when the solution
concentration is 31.1-44.4 mL/L. The results show that the
surface tension decreases to 22.0-24.8 mN/m with the addition of
adjuvant with different concentrations, and there is no significant
difference in the surface tension of other concentrations except the
solution concentration of 31.1 mL/L. When the adjuvant
concentration is 0.7-1.1%o, the spreading coefficient is 6-9. The
spreading coefficient increases significantly from 6-9 to 67-78
when the adjuvant with the concentration of 2.0-10.0%o is added in
into the solutions, respectively. Beta-cypermethrin EC is a kind
of non-inhibitive insecticide, which has the effects of contact and
stomach toxicity. Therefore, in the process of the pesticide with
low volume and high concentration application by UAV to control
pests in wheat field, it is suggested that the minimum concentration
of OA should be 2.00 %o in order to make the solution better spread
on the target.

Myclobutanil solution (EC). As shown in Table 7, before
the addition of additives, the surface tension and spreading
coefficient of myclobutanil solution without the adjuvant are not
affected by its concentration, the surface tension is 34.6 mN/m, and
the spreading coefficient is 2-3. After adding the adjuvant with
different concentrations, the surface tension of the solution
decreases to 26 mN/m. When the concentration of the adjuvant is
0.7-2.0%o, the spreading coefficient of myclobutanil solution is
4.5-6, slightly higher than that of the solutions without adjuvant.
With the adjuvant concentrations of 5.0%0 and 10.0%., the
spreading coefficients were 16 and 45, respectively. Myclobutanil
is a kind of internal absorption fungicide which has both protective
and therapeutic effects. Therefore, in the low volume and high
concentration spraying process by UAV, it is suggested that the
adjuvant concentration is 5.0%o0 while the pesticide diluted with
water is applied alone in order to facilitate the agent wetting and
spreading on the target.

Table 5 Surface tension and spreading coefficient of diethyl

aminoethyl hexanoate (DA-6) AS with different concentrations
with or without aerial spraying OA

Diethyl aminoethyl hexanoate Adjuvant Surface tension  Spreading

solutionconcentration/mL-L™"  concentration/%o /mN-m” coefficient
9.3 0 54.6£0.6a 1
10.7 0 53.940.8a 1
11.7 0 54.5£0.6a 1
13.3 0 54.8+0.4a 1
15.6 0 54.6£0.7a 1
16.7 0 55.240.7a 1
17.8 0 54.740.6a 1
222 0 55.6£0.7a 1
9.3 0.7 20.9+0.7a 59
10.7 0.7 20.840.9a 62
16.7 0.7 21.1+0.8a 62
11.7 0.8 20.8+0.5a 83
133 0.8 21.240.8a 82
16.7 0.8 20.9+0.6a 82
15.6 1.1 20.8+0.6a 89
17.8 1.1 20.4+0.7a 90
222 1.1 20.240.5a 91

Notes: a. Surface tension values are indicated as “mean + SD”; b. The
significance analysis of surface tension is divided into two groups: the group
without adjuvant and the group with adjuvant; c. Different lowercase letters
mean significant difference in the same group at «=0.05.
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Table 6 Surface tension and spreading coefficient of
beta-cypermethrin with different concentrations with or
without aerial spraying OA

Beta-cypermethrin solution Adjuvant Surface tension ~ Spreading
concentration/mL-L" concentration/%o /mN-m’! coefficient
18.7 0 30.3+0.5a 2
213 0 30.9+0.2a 3
23.7 0 30.140.1a 3.5
26.7 0 30.740.6a 3.5
31.1 0 28.610.1b 4
333 0 29.1£0.1a 4
35.6 0 30.240.1a 4
444 0 29.1+0.1a 4
18.7 0.7 24.31+0.3a 6
21.3 0.7 25.2+0.2a 6
26.7 0.7 24.4+0.3a 6
233 0.8 23.6+0.2a 7
26.7 0.8 23.240.1a 8
33.3 0.8 23.5+0.3a 9
31.1 1.1 22.0+0.2b 9
35.6 1.1 24.00.1a 9
44.4 1.1 24.840.3a 9
40.0 1.0 24.5+0.3a 9
40.0 2.0 24.1£0.1a 67
40.0 5.0 24.31+0.2a 68
40.0 10.0 24.4+0.3a 78

Notes: a. Surface tension values are denoted as “mean + SD”; b. The significance
analysis of surface tension is divided into two groups: the group without
adjuvant and the group with adjuvant; c. The same lowercase letters mean no
significant difference in the same group at a=0.05.

Table 7 Surface tension and spreading coefficient of
myclobutanil EC solution with different concentrations with or
without aerial spraying OA

Myclobutanil solution Adjuvant Surface tension Spreading
concentration/mL-L"  concentration/%o /mN-m’* coefficient
14.0 0 34.240.3a 2.5
16.0 0 34.840.4a 2.5
17.5 0 34.440.2a 3
20.0 0 34.5+0.7a 2.5
233 0 34.740.2a 2.5
25.0 0 34.840.4a 2.5
26.7 0 34.6£0.3a 2
333 0 34.6+0.4a 2.5
14.0 0.7 25.6+0.4a 5
16.0 0.7 25.7+0.6a 5
20.0 0.7 25.5+0.3a 5
17.5 0.8 25.6+0.3a 6
20.0 0.8 26.6+0.6a 5.5
25.0 0.8 26.9+0.3a 5
233 1.1 26.9+0.7a 5
26.7 1.1 25.5+0.6a 4.5
333 1.1 25.7+0.6a 5
30.0 1.0 26.8+0.3a 4.5
30.0 2.0 25.9+0.4a 6
30.0 5.0 25.5+0.5a 16
30.0 10.0 25.7+0.7a 45

Notes: a. Surface tension values are denoted as “mean + SD”; b. The significance
analysis of surface tension is divided into two groups: the group without
adjuvant and the group with adjuvant; c. The same lowercase letters mean no
significant difference in the same group at a=0.05.

Acetamiprid solution (EC). As shown in Table 8, the
surface tension (33.0 mN/m) and spreading coefficient (3.5-4) of
acetamiprid EC solution without the adjuvant are independent of

the concentration of the solution. The surface tension decreases
from 33 mN/m to 26.0 mN/m, and the spreading coefficient
increases slightly from 3.5-4 to 6-8 at the adjuvant concentration of
0.7-1.1%o. When the concentration of the adjuvant is increased to
2.0 %o, the spreading coefficient is 11. While the concentrations
of the adjuvant are 5.0%o and 10.0%o, the spreading coefficients are
44 and 80, respectively. Acetamiprid EC is a kind of insecticide
taking effect with contact, stomach and internal absorption.
Therefore, if the acetamiprid diluted with water is used alone in the
low volume and high concentration aerial spray, it is recommended
that the minimum concentration of the adjuvant is 5.0%o when the
insect population is in severe occurrence. The minimum
concentration of the adjuvant used with the pesticide is 2.0%o for
aerial application by UAV.
Table 8 Surface tension and spreading coefficient of

acetamiprid EC solution with different concentrations with or
without aerial spraying OA

Acetamiprid solution Adjuvant Surface tension Spreading
concentration/mL-L™"  concentration/%o /mN-m™ coefficient
18.7 0 32.840.1a 4
21.3 0 33.140.2a 3.8
23.3 0 32.8+0.2a 4
26.7 0 33.240.1a 3.8
31.1 0 33.310.1a 35
333 0 33.310.2a 3.8
35.6 0 33.1£0.1a 3.8
44.4 0 32.840.2a 35
18.7 0.7 25.540.2a 8
21.3 0.7 25.740.3a 7
26.7 0.7 25.4+0.2a 6.5
233 0.8 25.940.3a 7.5
26.7 0.8 26.140.2a 6
333 0.8 26.1£0.1a 6.8
31.1 1.1 25.840.3a 7
35.6 1.1 25.740.3a 7.5
44.4 1.1 26.2+0.4a 6
40.0 1.0 26.1£0.2a 6
40.0 2.0 26.310.2a 11
40.0 5.0 25.8+0.1a 44
40.0 10.0 25.5+0.2a 80

Notes: a. Surface tension values are denoted as “mean + SD”; b. The significance
analysis of surface tension is divided into two groups: the group without
adjuvant and the group with adjuvant; c¢. The same lowercase letters mean no
significant difference in the same group at a=0.05.

3.3 Pesticide mixed formulation solutions

In order to clarify the effect of the OA on the surface tension
and spreading coefficient of pesticide mixed solutions, the surface
tension and spreading coefficient of pesticide mixed solutions with
different concentrations before and after the addition of the
adjuvant are measured. In this section, the spreading coefficient
and surface tension of three pesticide mixed formulations with and
without the adjuvant are tested. Four pesticides listed in Table 1
are mixed in three groups as shown in the following. Pesticides in
Group 1 are imidacloprid SC, beta-cypermethrin EC, tebuconazole
SC and diethyl aminoethyl hexanoate AS; Group 2 are imidacloprid
SC, beta-cypermethrin EC, myclobutanil EC and diethyl aminoethyl
hexanoate AS; Group 3 are acetamiprid EC, beta-cypermethrin EC,
myclobutanil EC and diethyl aminoethyl hexanoate AS.

Group 1 (SC+EC+SC+AS). As shown in Table 9, before
the mixture of the adjuvant, the surface tension of Group 1 solutions
with different concentrations is 30.8-32.2 mN/m, and the spreading
coefficient is 3.8-4. After addition of the adjuvant with three
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concentrations (0.7,0.8 and 1.1%o), the surface tensions of Group
1 solutions are 25.3-26.5 mN/m, and the spreading coefficient
increases slightly from 3.8-4 to 5-7. In this group, the spreading
coefficient does not increase significantly after the solutions mixed
with the adjuvant, which may be due to the physicochemical
properties of the group of solutions. The physicochemical
properties of beta cypermethrin EC in this group may contribute to
this. It can be seen from the above changes of spreading
coefficient of beta cypermethrin EC before and after mixing with
the adjuvant that the spreading coefficient of beta cypermethrin EC
solution increases significantly when the concentration of adjuvant
is 2.0%0 (Table 6).
concentration of the adjuvant should be at least 2.0%0 when Group 1

Therefore, it is speculated that the

solution is applied in field application by UAV.

Table 9 Surface tension and spreading coefficient of Group 1
solutions with different concentrations with or without aerial

spraying OA
. i%nfzrg;iilsgznofbl Adj uvant Surface ter}lsion Spread_ing
(I+B+T+D) concentration/%o /mN-m coefficient

2.8+18.7+14.0+9.3 0 31.1£0.4a 4
2.8+18.7+14.0+9.3 0.7 25.6£0.2b
3.2421.3+16.0+10.6 0 32.140.5a 4
3.2421.3+16.0+10.6 0.7 25.4+0.2b 55
4.0+26.7+20.0+13.3 0 32.1+0.4a 3.8
4.0+26.7+20.0+13.3 0.7 25.740.3b 5
3.5423.3+17.5+11.7 0 31.840.6a 43
3.54+23.3+17.5+11.7 0.8 26.5+0.4b 6.5
4.0+26.7+20.0+13.3 0 32.0+0.4a 43
4.0+26.7+20.0+13.3 0.8 25.310.3b 6.5
5.0+33.3+25.0+16.7 0 32.1+0.4a 4.0
5.0+33.3+25.0+16.7 0.8 25.8+0.2b 5.5
4.7+31.1+23.3+15.6 0 32.240.3a
4.7+31.1+23.3+15.6 1.1 25.740.6¢
5.3+35.6+26.7+17.8 0 31.8+0.4ab 4
5.3+35.64+26.7+17.8 1.1 25.840.5¢ 5.5
6.7+44.4+33.3+22.2 0 30.8+0.7b 4
6.7+44.4+33.3+22.2 1.1 25.6£0.6¢ 6.5

Notes: a. I = imidacloprid SC, B = beta-cypermethrin EC, T = tebuconazole SC,
D = diethyl aminoethyl hexanoate AS; b. Surface tension values are denoted as
“mean + SD”; c. The significance analysis of surface tension is divided into three
groups according to the concentrations of the adjuvant; d. Different lowercase
letters mean significant difference in the same group.

Group 2 (SC+EC+EC+AS). Without the adjuvant, the
surface tension and spreading coefficient of Group 2 solution with
different concentrations are 31.5 mN/m and 3.8-4, respectively.
After the addition of the adjuvant with three concentrations, the
surface tension decreases to 26.5 mN/m and the spreading
coefficient slightly increases to 5-7.5 mN/m. Group 2 solution
contains two EC formulations. Take into consideration of the
effect of the adjuvant on spreading of beta-cypermethrin and
myclobutanil, the minimum amount of the adjuvant is 5.0%. when
Group 2 solution is sprayed by UAV to control diseases and pests
in wheat field.

Group 3 (EC+EC+EC+AS). There are three EC
formulations in Group 3 solution. Surface tensions of Group 3
solution with and without the adjuvant are 25.6-27.6 mN/m and
30.7-31.3 mN/m, respectively. As shown in Table 11, the
spreading coefficient of the Group 3 solution without the adjuvant
is 3.2-4.5. The concentrations of the solution have no influence
on spreading coefficient. The adjuvant with concentrations of
0.7-2.0%o has slightly effect on spreading coefficient (4.5-5). A

great improvement on spreading coefficient happens when the
adjuvant concentration is 5.0%.. The spreading coefficient is
notably increase to 58 while the adjuvant concentration is 10.0%e.
Table 10 Surface tension and spreading coefficient of Group 2
solutions with different concentrations with or without aerial
spraying OA

Concentrations of Group 2 Adjuvant Surface tension  Spreading

solution/mL-L" (I+B+M+D)  concentration/%o /mN-m™! coefficient

2.8+18.7+14.0+9.3 0 30.9+0.3a 4
2.8+18.7+14.0+9.3 0.7 26.3£0.5b 7.5
3.24+21.3+16.0+10.6 0 31.5£0.7a

3.24+21.3+16.0+10.6 0.7 26.2+0.4b

4.0+26.7+20.0+13.3 0 31.240.2a

4.0+26.7+20.0+13.3 0.7 26.1£0.4b 5.5
3.5+23.3+17.5+11.7 0 31.1+0.5a 4
3.5+23.3+17.5+11.7 0.8 26.5£0.1bc 5.5
4.0+26.7+20.0+13.3 0 31.1+0.4a 4
4.0+26.7+20.0+13.3 0.8 27.1£0.5b 5
5.0+33.3425.0+16.7 0 31.4+0.6a 4
5.0+33.3+25.0+16.7 0.8 25.840.5¢ 5
4.7+431.1423.3+15.6 0 31.840.7a 4
4.7+31.1+23.3+15.6 1.1 25.9£0.5b 6.5
5.3+35.6+26.7+17.8 0 32.1+0.6a 4
5.3+35.6+26.7+17.8 1.1 26.9£0.7b

6.7+44.4+33.3+22.2 0 31.840.5a 3.8
6.7+44.4+33.3+22.2 1.1 25.7£0.5b 6

Notes: a. I = imidacloprid SC, B = beta-cypermethrin EC, M = myclobutanil EC,
D = diethyl aminoethyl hexanoate AS; b. Surface tension values are denoted as
“mean + SD”; c. The significance analysis of surface tension is divided into three
groups according to the concentrations of the adjuvant; d. Different lowercase
letters mean significant difference in the same group.

Table 11  Surface tension and spreading coefficient of Group 3
solutions with different concentrations with or without aerial
spraying OA

Concentrations of Group 3 Adjuvant Surface tension ~ Spreading

solution/mL-L™" (A+B+M+D) concentration/%o /mN-m coefficient
18.7+18.7+14.0+9.3 0 30.7+0.4a 4.5
18.7+18.7+14.0+9.3 0.7 27.6+0.5b 5
21.3+21.3+16.0+10.6 0 30.7+0.3a 4
21.3+21.3+16.0+10.6 0.7 27.1+0.3b 5
26.7+26.7+20.0+13.3 0 30.9+0.5a 3.8
26.7+26.7+20.0+13.3 0.7 27.5+0.7b 4.5
23.3+23.3+17.5+11.7 0 31.3+0.6a 3.8
23.3+23.3+17.5+11.7 0.8 26.7+0.5b 45
26.7+26.7+20.0+13.3 0 31.0+0.5a 3.5
26.7+26.7+20.0+13.3 0.8 26.5£0.4b 4.5
33.3+33.3+25.0+16.7 0 31.1+0.6a 32
33.3+33.3+25.0+16.7 0.8 26.8+0.4b 5
31.1431.1+23.3+15.6 0 31.3+0.7a 32
31.1+31.1+23.3+15.6 1.1 25.9+0.3b 5
35.6+35.6+26.7+17.8 0 31.2+0.4a 32
35.6+35.6+26.7+17.8 1.1 26.7+0.5b 4.5
44.4+44.4+33.3+22.2 0 30.8+0.5a 32
44.4+44.4+33.3422.2 1.1 25.6£0.6b 4.5
40.0+40.0+30.0+20.0 0 30.9+0.6a 3.5
40.0+40.0+30.0+20.0 1.0 26.3£0.4b 5
40.0+40.0+30.0+20.0 2.0 25.9+0.5b 5
40.0+40.0+30.0+20.0 5.0 26.1+0.6b 15
40.0+40.0+30.0+20.0 10.0 25.8+0.5b 58

Notes: a. A = acetamiprid EC, B = beta-cypermethrin EC, M = myclobutanil EC,
D = diethyl aminoethyl hexanoate AS; b. Surface tension values are denoted as
“mean + SD”; c. The significance analysis of surface tension is divided into four
groups according to the concentrations of the adjuvant; d. Different lowercase
letters mean significant difference in the same group.
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4 Discussion

The performance of aerial spraying tank-mix OA on surface
tension and spreading coefficient of three kinds of pesticide
formulations used alone and mixed together in high concentration
for UAV application to control pests and diseases in wheat field
has been studied. In high concentration pesticide solution for
UAV application, there is no obvious relationship between the
concentration of pesticide solution and the surface tension.
Surface tension of pesticide solution can be significantly reduced
by the addition of tank-mix OA. When the concentration of the
adjuvant is greater than or equal to CMC, the increase of the
adjuvant concentration has no obvious effect on the surface tension
of the solution. The addition of adjuvant can significantly
improve the spreading ability of pesticide solution with high
concentration, and the higher the concentration of the adjuvant is,
the greater the spreading coefficient is. It indicates that the
adjuvant can make pesticide droplets spread on the target better.
The results are consistent with the conclusion of the previous
research %],

For six single pesticide formulations, the effect of the adjuvant
on surface tension and spreading coefficient of pesticide solution is
different. The minimum concentration of the adjuvant needed for
spraying these pesticides by UAV should be determined according
to the characteristics of pesticide formulation and pesticide action
For pesticide solution of SC (imidacloprid SC and
tebuconazole SC), after the addition of the adjuvant with

mode.

concentration of 0.5-0.7%o, surface tension decreases to 18-22 mN/m,
which is significantly less than CST of wheat leaf (36.26-
39.00 mN/m).  The spreading coefficient (>17) of the solution
has been greatly improved by mixing the adjuvant with
concentration of 0.5-0.7%o. For pesticide solution of AS (diethyl
aminoethyl hexanoate AS), the performances of the adjuvant on
surface tension and spreading coefficient of the solution are similar
to that of tap water. In those solutions, when the adjuvant
concentration reaches CMC, surface tension decreases to
20.8 mN/m and the spreading coefficient is more than 30.
Therefore, it is suggested that OA concentration should be 0.5%o
while using UAV to spray pesticide solution of AS alone by low
volume and high concentration application. For pesticide solution
of EC (beta-cypermethrin EC, acetamiprid EC and myclobutanil
EC), the effect of the adjuvant on surface tension of the pesticide
solution is similar to the former formulations. However, the
performance on spreading coefficient is inferior to that of the
former formulations. When the adjuvant concentration is higher
than CMC (0.7%o), the spreading coefficient of the three solutions
is only 5-8, slightly higher than that of the solutions without the
adjuvant. When the concentration of the adjuvant is increased to
2.0%o, the spreading coefficients of acetamiprid EC solution and
myclobutanil EC solution are 11 and 6, respectively, but that of
beta-cypermethrin EC solution is 67. With the increase of the
concentration to 5.0%o, the spreading coefficients of acetamiprid
EC solution and myclobutanil EC solution increase significantly by
44 and 16, respectively, while the spreading coefficient of
beta-cypermethrin EC solution keeps almost the same (68). The
reason for that might be caused by the physicochemical properties

Previous research shows that
[27]

and the action mode of the solution.
the same adjuvant has different effects on different formulations
Beta-cypermethrin  EC solution has been obtained the best
expansion with the addition of OA under the concentration of 5.0%o,
while the other two EC solutions still have gab to the best spread

under the same OA concentration. Thus, the adjuvant
concentration used for the application of these three pesticides
should be determined according to their action mode and spreading
characteristics. For UAV application, the OA concentration for
beta-cypermethrin EC solution with contact action is 2.0%o. The
minimum OA concentration for acetamiprid EC solution with
stomach toxicity, contact toxicity and internal absorption action
should be determined according to the number of pest population.
When the number of pest population is below the control threshold,
the minimum OA concentration of acetamiprid EC solution is
recommended to be 2.0%.. When the number of pest population
is large, the minimum OA concentration of acetamiprid EC
solution is recommended to be 5.0%o.
the application of fungicide myclobutanil EC solution with
protective and therapeutic effects is recommended to be 2.0%0-5.0%o.

To facilitate the spreading of droplets on target, the adjuvant

The OA concentration for

concentration for mix-pesticide solution is different from pesticide
used alone. From the results, it is found that OA concentration for
pesticide mixture solution is higher than that of single pesticide
Furthermore, OA
concentration needed is associated to the number of EC pesticides

solution to obtain the same spread expansion.
in solution. For pesticide mixture solution containing one
pesticide of EC, the concentration of OA is recommended to be
2.0%0; for pesticide mixture solution containing two or three
pesticide of EC, the concentration of OA is recommended to be
5.0%0-10.0%0. In this study, aerial spraying adjuvant used is
aqueous-based containing EC
formulation(s), oil-based adjuvants may have better ability to

adjuvant. In  solutions

improve of spreading coefficient of the solution.
5 Conclusions

The effects of tank-mix OA on the surface tension and
spreading coefficient of six pesticides belonging to three
formulations were studied. The results are concluded as the
following.

1) OA could significantly lower surface tension and facilitate
spreading of pesticide solutions regardless of pesticide
concentrations. OA with concentrations higher than CMC could
not decrease surface tension further, but still could significantly
improve spreading of the solution.

2) The effect of OA on surface tension and spreading
coefficient on solutions containing pesticide of EC is inferior to
that of SC and AS. For solutions of single pesticide belonging to
different formulation, the minimum concentration of OA is
different. The minimum OA concentration for solution of SC and
AS (0.5%0-0.7%o0) is lower than that of solutions of EC (2.0%0-5.0%o).

3) To facilitate the spreading of pesticide solution, the
minimum concentration of OA for mix-pesticide solutions should
be higher than CMC. For solutions of several pesticides mixed
together, the minimum concentration of OA depends on the number
of EC pesticide(s) in the solution. For pesticide solutions with
one EC pesticide, the minimum concentration of OA is 2.0%o; for
pesticide solutions containing two or three EC pesticides, the
recommended minimum concentration of OA is 5.0%o-10.0%e.

Considering pesticide field application
insecticide, fungicide and plant growth regulator are mixed
together for UAV application in wheat field, the minimum of OA
concentration used for pesticide used alone or mix together should

condition that

be evaluated before field application to improve the efficiency of
pesticides.
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