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ABSTRACT
Currently, the utilization of unmanned aerial vehicles (UAVs) for spraying pesticides is
a prevalent issue in Asian countries. Improving the pesticide efficiency of UAV spraying
is a major challenge for researchers. One of the factors that affect the efficiency is the
wetting property of the spraying solutions on crop leaves. Tank-mix adjuvants, which
can modify the wetting ability of the solutions, are often used for foliar application.
However, different types and concentrations of tank-mix adjuvants may have different
impacts on the wetting properties of droplets. In this article, we investigated the effects
of four tank-mix adjuvants, Beidatong (BDT), Velezia Pro (VP), Nongjianfei (NJF),
and Lieying (LY), on the dynamic contact angle (CA) values of droplets on the adaxial
surface of wheat leaves. Wemeasured the dynamic CA values of various concentrations
of each adjuvant solution and determined the optimal concentrations based on the CA
values, droplet spreading time, and cost. The results showed that adding any of the
four adjuvants decreased the CA values, but the patterns of decrease varied among
them. The CAs of BDT and VP solutions decreased slowly during the observation
time (0–8.13 s), while those of NJF and LY solutions decreased rapidly throughout the
observation period. According to the dynamic CA values of different concentrations,
the optimal concentrations of BDT, VP, NJF, and LY for wheat field application were
12%, 16%, 6h, and 0.3h, respectively. Alkoxy-modified polytrisiloxane adjuvant (LY)
could be recommended as an appropriate tank-mix adjuvant forwheat field application,
considering spreading efficiency and cost. This study provides theoretical and practical
guidance for selecting and optimizing tank-mix adjuvants for UAV spraying.

Subjects Agricultural Science, Bioengineering, Plant Science
Keywords Dynamic contact angle, Tank-mix adjuvant, UAV, Wheat, Diffusion time

INTRODUCTION
Crops have always suffered from the continuous invasion and attacks by pests, diseases
and weeds, which would result in yield reduction. The application of pesticides is usually
adopted to maintain crop output (Matthews & Thomas, 2000; Zhu et al., 2019). Foliage
application of pesticides is one of the most efficient approaches to protect arable crops
from the harmful damage of pests and diseases (Jensen & Olesen, 2014). The wetting of a
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Figure 1 Sketch map of CA.
Full-size DOI: 10.7717/peerj.16464/fig-1

leaf with a pesticide solution depends on the properties of both the liquid and the solid
substrate (Quetzeri-Santiago, Castrejón-Pita & Castrejón-Pita, 2020). Crop leaves are the
main target of droplets in foliage application. The retention of droplets on crop leaves has a
significant impact on pesticide efficacy (Fang et al., 2019; Fountain, Harris & Cross, 2010).
The ability of a crop leaf to maintain water on its surface is regarded as leaf wettability
(Cavallaro et al., 2022; Fernandez et al., 2014; Papierowska et al., 2018). The wettability of a
crop leaf can be changed by the physicochemical properties of a liquid (Da Silva Santos et
al., 2021; Nairn, Forster & van Leeuwen, 2011; Sanyal, Bhowmik & Reddy, 2017).

Contact angle (CA) is a measure of the wetting ability of a liquid on a solid surface, such
as a crop (Song et al., 2022; Wang et al., 2016). In this study, CA refers specifically to the
angle a liquid form between the interface of the leaf surface and liquid and the tangent to
the liquid surface (Fig. 1). The smaller the CA, the higher the wetting ability of a liquid.
A liquid that forms a CA smaller than 90◦ is categorized as a wetting liquid, while a liquid
that forms a CA between 90◦ and 180◦ is a non-wetting liquid. A crop leaf with a CA below
90◦ is hydrophilic, while a crop leaf with a CA above 90◦ is hydrophobic (Jeevahan et al.,
2018). A hydrophilic crop leaf allows the droplets to spread and evaporate quickly, while
a hydrophobic crop leaf prevents the droplets from spreading and causes them to run off
easily. Moreover, the non-spreading droplets take longer time to evaporate, which creates
favorable conditions for plant pathogens to grow and spread (Rowlandson et al., 2015).
Therefore, a wetting liquid is required to obtain a satisfactory biological control efficiency
during a pesticide spraying application on a hydrophobic crop (Meng et al., 2022).

As mentioned above, the wettability of crop leaves is affected by the physicochemical
properties of spray liquid, which directly influence the effectiveness of pesticides (Sobiech
et al., 2020; Zhang et al., 2017). Tank-mix adjuvant can modify the physical and chemical
properties of the spray liquid by lowering CA value and surface tension, reducing the
negative effect of PH, increasing droplet size, and so on, which helps the spray liquid to
spread on the crop leaf and enhance the efficiency of pesticides (He et al., 2021).

Normally, the nozzles of agricultural UAVs are at an altitude of 2 to 3 m above the
crop canopy, while those of ground-based sprayer is at around 0.5 m above the crop
canopy. This longer distance and the unpredictable crosswind increase the droplet drift
potential (Lou et al., 2018). Furthermore, small droplet sizes, which are commonly seen
in UAV spraying, also contribute to droplet drift (Chen et al., 2020). Thus, UAV spraying
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pesticides are generally combined with the utilization of tank-mixed adjuvants to improve
pesticide efficiency by reducing droplet drift (Wang et al., 2018; Zhang & Xiong, 2021). For
a hydrophobic crop, the function of a tank-mix adjuvant is not only to reduce droplet drift
but also to facilitate droplet spread on crop leaves as soon as possible (Peirce et al., 2016).

Wheat is a typical hydrophobic crop (Song et al., 2022). The CAs on the wheat leaves have
been measured at 118–152◦ and 140–146◦ (Marquez, Stuart-Williams & Farquhar, 2021).
Therefore, the wettability of pesticide solution is critical for controlling wheat diseases
and pests. Several previous studies have used tank-mix adjuvants in the pesticide solution
when applying aerial sprayers to enhance pesticide efficiency Wang et al. (2022) analyzed
the droplet spectrum, drift potential index (DPI), field deposition, and control efficacy of
different adjuvants on wheat rust and aphids. They found that the addition of adjuvants to
the spray solution improved the control efficacy and duration of the pesticide. Chen et al.
(2018) and Zhang et al. (2018) report that the tank-mix adjuvants can boost weed control
efficiency in wheat fields. Meng et al. (2018) report that the use of tank-mix adjuvant can
reduce imidacloprid dosage by 20% without increasing negative effects on wheat aphid
control efficacy when using a UAV sprayer.Wang et al. (2022) explore that the addition of
tank-mix adjuvants to spray solution can improve the control efficacy of wheat aphids and
rust significantly and extend the duration of the pesticide. Yan et al. (2021) investigate that
the addition of tank-mix adjuvant can improve the control effect of prothioconazole on
Fusarium head blight in wheat and increase wheat yield. Zhao et al. (2022) report that the
use of appropriate tank-mix adjuvants for UAV sprayers on wheat fields can significantly
improve the performance of pesticides by increasing pesticide dosage delivery efficiency
and disease control efficacy. They also explore that the use of tank-mix adjuvants can also
help reduce the pesticide dosage while ensuring their effectiveness, which is similar to the
conclusion ofMeng et al. (2018)mentioned above. Song et al. (2022) evaluate four types of
tank-mix adjuvants on wheat leaf by measuring metrics such as surface tension, CA, and
so on, and the results indicate that the adjuvant type has a great effect on surface tension
and CA value.

Although the effect of tank-mix adjuvants on the pesticide efficiency of wheat pests and
disease control is explored widely, the measurement of dynamic CA values of different
tank-mix adjuvants under a serial concentration is rarely reported. During the actual
spraying process, the droplets that land on the crop leaves will gradually expand and flatten
on the wheat surfaces, and their shapes will vary over time. This is especially true for liquids
with tank-mix adjuvants, which exhibit more noticeable changes in their droplets. Static CA
measurements are applicable for situations where the droplet movement or deformation is
negligible and are mainly used to evaluate the wettability of a solid surface and the stability
of a droplet on a solid surface. The dynamic CA is appropriate for measuring the CA of
a moving droplet and is mainly used to investigate the dynamic behavior of a droplet
rolling on a solid surface, the variation of wettability, and the stability of a droplet on a
tilted surface (Johnson, Dettre & Brandreth, 1977). The measurement of dynamic CA can
provide information about the dynamic response and kinetic behavior of droplets under
different conditions, and the analysis of CA changes of droplets under different velocities,
slopes, droplet deformations, etc., can help to understand the dynamic properties of the
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interface between droplets and solids. Therefore, the use of the dynamic CA in measuring
the diffusion characteristics of droplets on wheat leaf surfaces can accurately reflect the
wetting properties of droplets.

The main objective of this study was to investigate the influence of tank-mix adjuvant
type and concentration on CA values on wheat leaf surface to select the appropriate
adjuvant type and corresponding concentration for the control of wheat pests and disease
when UAVs are adopted as sprayers.

MATERIALS AND METHODS
Materials
The variety of wheat used in this study was Zhoumai 22, which was planted on the campus
experimental field of Anyang Institute of Technology. Wheat leaves were collected freshly
during the late flowering period, a critical time for wheat pests and disease control.

The tank-mix adjuvants used in this study were Beidatong (BDT) (methylated plant oil,
HebeiMingshunAgricultural Co., Ltd, China), Velezia Pro (VP) (mineral oil, TotalEnergies
Fluid company, Courbevoie, France), Nongjianfei (NJF) (hyperbranched fatty alcohol
ether modified polymer, Guilin Jiqi Biochemical Co., Ltd, Guilin, China), and Lieying
(LY) (alkoxy modified polytrisiloxane, Anyang Quanfeng Biotechnology Co., Ltd, Henan,
China).

CA value measurement
The laboratory experiment was designed to optimize the appropriate concentration of
four tank-mix adjuvants (BDT, VP, NJF, and LY) by measuring dynamic CA values on the
adaxial surface of wheat leaf under different concentrations, respectively. The four adjuvants
were mixed with tap water as the tested aqueous solution with different concentrations,
respectively. The dynamic CA measurement was not feasible for LY concentrations above
0.3h due to the rapid diffusion of droplets on the wheat leaf surfaces. Therefore, only LY
concentrations below 0.3h were measured. Table 1 showed the concentration levels and
measurement times of the four adjuvants used for the dynamic CA measurements.

The CA value of each concentration was measured on the adaxial surfaces of three
freshly undamaged wheat leaves collected from the experimental field. Adhesive tape was
adopted to fix the tested leaf on the glass slide (25 cm × 76 cm) to facilitate the capture of
images for CAmeasurement. The interval of image capture was 0.07 s, and the dynamic CA
value was measured from 0.00 to 8.13 s in most cases. The initial CA (t = 0 s) was recorded
as CAinitial and it was compared between solution concentrations of the same tank-mix
adjuvant. The final CA (the last measuring time) was recorded as CAfinal . The change in
CA value was shown in the following equation.

CAchange=CAinitial−CAfinal (1)

The CA was measured by the sessile drop method using an optical tensiometer Attention
Theta Flex (Biolin Scientific, Stockholm, Sweden) with a high-resolution camera (1,984 ×
1,264 px with a maximum of 3009 FPS) and LED light. The details of the measuring process
can be found in the previous study (Meng et al., 2022). The laboratory measurements were
performed at a constant relative humidity of 57% and room temperature of 27 ± 0.4 ◦C.
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Table 1 Solution concentration of the adopted tank-mix adjuvants, and the corresponding observing
time and number of CA.

Adjuvant Solution concentration Observing
time (s)

Number of
measured CAs
of each solution
concentration

tinitial tfinal
BDT 2%, 4%, 6%, 8%, 10%, 12%, 14%, 16% 0 8.13 114
VP 4%, 8%, 12%, 16%, 20%, 24%,28%, 32% 0 8.13 114

0.2h, 0.4h, 0.6h, 0.8h, 1h 0 8.13 114
2h 0 3.10 44
3h 0 2.88 37
4h 0 2.88 37
5h 0 3.38 44
6h 0 2.30 33
7h 0 1.51 23
8h 0 2.95 42
9h 0 1.44 21

NJF

10h 0 1.01 15
0.1h 0 8.06 113
0.2h 0 3.82 54LY

0.3h 0 2.59 37

Notes.
Observing time tinitial indicates the first measured CA, while tfinal is the last measured CA.

Data processing and analysis
All data were statistically analyzed using software SPSS version 20.0 for Windows (SPSS
Inc., Chicago, IL, USA), and Tukey’s test was used to analyze differences between treatments
at the 0.05 level of significance. Origin2021(Academic) (Origin Lab, Northampton, MA,
USA) was adopted to draw the figures.

RESULT
Dynamic CA on wheat leaves of four tank-mix adjuvants
As shown in Figs. 2 and 3, a notable decrease in the CA values was observed after the
addition of the four tank-mix adjuvants, respectively. CA value of tap water on wheat leaf
adaxial surface was around 142.89◦, which agreed with the result of the previous study
(Marquez, Stuart-Williams & Farquhar, 2021). It could be seen that the CA behaviour of
BDT and VP were similar (Fig. 2), while those of NJF and LY were alike in most measuring
cases (Fig. 3). The appearance and shape of tap water droplets on wheat leaf adaxial surface
during the observing time was shown in Supplemental Information 1.

In the case of BDT, the highest CAinitial (90.63◦) and CAfinal (69.53◦) were observed
for the concentration of 2%, and the lowest CAinitial (60.04◦) and CAfinal (44.56◦) were
observed for the concentration of 12% (Figs. 4A, 4B). In the low-concentration BDT
group of 2%, 4%, 6%, and 8%, the CAinitial decreased with the increase of concentration,
but the CA values were similar after 0.3 s except for the concentration of 2%. In the
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Figure 2 Dynamic CA of BDT and VP under different solution concentration, respectively. (A) Con-
tact angle changes over time after adding 2%–8% BDT tank-mix adjuvant. (B) Contact angle changes over
time after adding 4%–16% VP tank-mix adjuvant. (C) Contact angle changes over time after adding 10%–
16% BDT tank-mix adjuvant. (D) Contact angle changes over time after adding 20%–32% VP tank-mix
adjuvant.

Full-size DOI: 10.7717/peerj.16464/fig-2

high-concentration BDT group of 10%, 12%, 14% and 16%, the highest CAinitial value was
found in a concentration of 10% (83.85◦), followed by 16% (83.39◦), 14% (69.82◦), and
12% (60.04◦). The expansion of the droplets on wheat leaves was shown in Supplemental
Information 2.

In the case of VP, the highest CAinitial was 89.99◦ (32%) and the lowest CAinitial was 60.10◦

(24%) (Fig. 4C). The highest and the lowest CAfinal was 82.49◦ (32%) and 35.16◦ (28%),
respectively (Fig. 4D). The CA values of concentration 32% decreased slightly over time but
keep at above 80◦ over the whole observing time. CA values of concentration 16% dropped
below 60◦ after 0.10 s and decreased slightly but stay above 40◦ during the remaining
observing time (0.10–8.13 s). CA values of concentration 20%, 24%, and 28% were kept
at around 36–45◦ after 3 s (Fig. 2D), while the CA values of the remaining concentrations
were 58–68◦ after 3 s (Fig. 2B). The appearance shape of VP droplets dissipating on wheat
leaf adaxial surface over 8.13 s was shown in Supplemental Information 3.

In the case of NJF, the CAinitial of all concentrations was between 39–80◦ (Fig. 3). The
lowest CAinitial value was observed for a concentration of 7h (39.94◦), and the highest
initial CA value was observed for a concentration of 0.4h (79.16◦) (Fig. 5A). Figure 5B
showed the highest CAfinal was 33.79◦ (0.2h) and the lowest was 6.79◦ (6h). In the group
of 0.2h, 0.4h, 0.6h, 0.8h, and 1h, CA values of each concentration decreased slightly
during the observing time (Fig. 3A). It took around 6 s for the CA values of concentration
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Figure 3 Dynamic CA of NJF (A, B and C) and LY (D) under different solution concentration, respec-
tively. (A) Contact angle changes over time after adding 0.2h–1h NJF tank-mix adjuvant. (B) Contact
angle changes over time after adding 2h–5h NJF tank-mix adjuvant. (C) Contact angle changes over
time after adding 6h–10h NJF tank-mix adjuvant. (D) Contact angle changes over time after adding
0.1h–0.3h LY tank-mix adjuvant.

Full-size DOI: 10.7717/peerj.16464/fig-3

0.2h and 0.4h to drop below 40◦, but it only took 0.5s for CA values of concentration
0.6h and 0.8h to decrease below 40◦. In the low concentration group of 2h, 3h, 4h,
and 5h, the initial CA value was similar (48–61◦) and CA values were below 20◦ after 1.6 s
(Fig. 3B). In the high concentration group of 6h, 7h, 8h, 9h, and 10h, the initial CA
value was between 39–51◦ and CA values were below 20◦ in less than 1 s (Fig. 3C). The
appearance shape of NJF droplets on wheat leaf adaxial surface over 8.13 s were shown in
Supplemental Information 4. It could be seen that NJF droplet appearance shape changes
notably on the wheat leaf adaxial surface under different concentrations.

In the case of LY, theCAinitial of concentrations 0.1h, 0.2h and 0.3hwere 68.32◦, 54.25◦

and 57.59◦ (Fig. 5C), respectively. It took around 5 s for the CA value of concentration
0.1h to decrease below 20◦, but it only took less than 1s for the CA value of concentration
0.3h to drop below 20◦ (Fig. 3D). The highest CAfinal was 12.27◦ (0.1h) and the lowest
was 4.62◦ (0.3h) (Fig. 5D). The highest CAfinal value was observed for concentration of
0.3h (4.62◦) (Fig. 5D). The appearance shape of LY droplets on wheat leaf adaxial surface
under three concentrations was shown in Supplemental Information 5.

Decrease of CA
Figure 6 showed the decrease of CAchange between different concentrations of the four
adjuvants., respectively. In the case of BDT (Fig. 6A), the highest CAchange was observed
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Figure 4 The initial CA and final CA of BDT and VP under different solution concentration. (A) The
initial CA after adding 2%–16% BDT tank-mix adjuvant. (B) The final CA after adding 2%–16% BDT
tank-mix adjuvant. (C) The initial CA after adding 4%–32% VP tank-mix adjuvant. (D) The final CA after
adding 4%–32% VP tank-mix adjuvant. Different lowercase letters indicate significant differences at the
0.05 level by Tukey’s test.

Full-size DOI: 10.7717/peerj.16464/fig-4

in the concentrations of 10% (28.21◦) and the lowest decreased in the concentrations of
12% (15.48◦). Although the CAchange between concentrations were observed in values,
the differences between those decrease were negligible statistically. Thus, the ability of
BDT concentrations to reduce CA on wheat leaf adaxial surface was similar based on the
difference between the CA decrease.

In the case of VP (Fig. 6B), the highest decrease was seen in the concentrations of 28%
(29.66◦), and the lowest decrease was observed in the concentrations of 4% (1.19◦). The
low concentrations of VP had a weak effect on reducing CA, while the high concentrations
had a strong effect, with the maximum effect at 28% concentration.

In the case of NJF (Fig. 6C), the highest CAchange is 54.44◦ at 0.4h concentration and
the lowest was 28.50◦ at 7h concentration. The CAchange between concentrations was
insignificant, except for the extreme values observed in the concentrations of 0.4h and
7h.

In the case of LY (Fig. 6D), the CAchange between concentrations was insignificant. The
highest decrease was seen in the concentrations of 0.1h (56.05◦), and the lowest decrease
was investigated in the concentrations of 0.2h (48.64◦).
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Figure 5 The initial CA and final CA of NJF and LY under different solution concentration. (A) The
initial CA after adding 0.2h–10h NJF tank-mix adjuvant. (B) The final CA after adding 0.2h–10h NJF
tank-mix adjuvant. (C) The initial CA after adding 0.1h–0.3h LY tank-mix adjuvant. (D) The final CA
after adding 0.1h–0.3h LY tank-mix adjuvant. Different lowercase letters indicate significant differences
at the 0.05 level by Tukey’s test.

Full-size DOI: 10.7717/peerj.16464/fig-5

Optimal concentration selection
The optimal concentration for field spraying application depended on various factors,
such as the CAinitial, CAfinal, CAchange, diffusion time, evaporation rate, and product cost.
Table 2 summarized the optimal concentrations of the four tank-mix adjuvants for each of
the three scenarios of achieving the lowest CAinitial, lowest CAfinal, and maximum CAchange.

In the case of BDT, the optimal concentration was 12%, which resulted in the lowest
CAinitial and CAfinal among all concentrations and enabled rapid droplet spreading on the
adaxial surface of the wheat leaf. Moreover, this concentration reduced the cost compared
to higher concentrations.

In the case of VP, the optimal concentration was 16%, which produced a similar CAinitial,
CAfinal, and diffusion time as the higher concentrations, but with a lower product cost.
Although VP of 28% concentration had the largest CA reduction, it also increased the cost
significantly.

In the case of NJF, the CAinitial, and CAfinal were lower when using concentrations of
6h and 7h, and the time required for droplet to spread on wheat leaves was shorter.
Compared to the 7h NJF tank-mix adjuvant, the addition of 6h concentration of
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Figure 6 Difference of CAchange from the initial measuring time (tinitial) to final measuring time (tfinal).
(A) Change in CA value after adding 2%–16% BDT tank-mix adjuvant. (B) Change in CA after adding
4%–32% VP tank-mix adjuvant. (C) Change in CA after adding 0.2h–10h NJF tank-mix adjuvant. (D)
Change in CA after adding 0.1h–0.3h LY tank-mix adjuvant. Different lowercase letters indicate signifi-
cant differences at the 0.05 level by Tukey’s test.

Full-size DOI: 10.7717/peerj.16464/fig-6

Table 2 The criterion of appropriate concentration optimization.

Adjuvant BDT VP NJF LY

Judgment Criterion CA (◦) CC CA (◦) CC CA (◦) CC CA (◦) CC

Lowest CAinitial 60.04 12% 60.10 24% 39.94 7h 54.25 0.2h
Lowest CAfinal 44.56 12% 35.16 28% 6.79 6h 4.62 0.3h
Maximum CAchange 28.21 10% 29.66 28% 54.44 0.4h 56.05 0.1h

Notes.
CA means contact angle, while CC denotes the corresponding concentration. CAchange = CAinitial−CAfinal.

NJF resulted in the lowest CAfinal and the optimal solution diffusion. Therefore, the
recommended optimum concentration of NJF was 6h.

In the case of LY, the optimal concentration was 0.3h, which resulted in the lowest
CAfinal and the highest CAchange among all concentrations. Both the three concentrations
of LY reduced the CA of droplets on wheat leaves rapidly, of which 0.3h LY concentration
was more effective for the CA reduction.
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DISCUSSION
Tank-mix adjuvants could enhance the retention, diffusion, and wetting effects of
droplets on crop leaves by mitigating the evaporation, drift, and rebound of the
spray solution (Preftakes et al., 2019; Ryckaert et al., 2008; Sijs & Bonn, 2020). Wheat is
a superhydrophobic crop that has a leaf structure that impeds the spreading and retention
of droplets on its surface (Dorr et al., 2015). In this work, we investigated the effects of
different types and concentrations of tank-mix adjuvants on the CA of droplets on wheat
leaf surfaces. The results showed that adding tank-mix adjuvants to tap water significantly
reduced the CA values and improved the diffusion performance of droplets. Different types
of tank-mix adjuvants had different degrees of influence on the CA reduction and liquid
diffusion. The concentration of tank-mix adjuvant was also a crucial factor that affected
the CA values and diffusion of droplets on wheat leaf surfaces.

Tank-mix adjuvants based on surfactants had the ability to lower droplet surface tension
(Hazen, 2000), which was a key parameter to characterize the physicochemical properties
of droplets (Arand et al., 2018). The decrease of surface tension resulted in the reduction
of droplets’ CA and facilitated the spreading of droplets on solid surfaces. In this study,
we recorded and analyzed the dynamic CA values of droplets on wheat leaf surfaces after
adding adjuvants. The results indicated that all four types of tank-mix adjuvants lowered
the CA of droplets on the wheat leaf surface but the lowering ability was different. The
LY, an organosilicon alkoxy compound, had the most pronounced effect on reducing
the CA of droplets. This was in line with previous studies that organosilicon adjuvants
could substantially lower the surface tension of pesticide solutions and improve the
spreading efficiency of pesticides (Magor et al., 2023; Policello & Murphy, 1993; Zi et al.,
2021). Although NJF (hyperbranched fatty alcohol ether modified polymer) reduced the
CAs in a short time as LY did but with a much higher concentration (6h). BDT was
a plant oil-based adjuvant that could reduce the CA and augment the wetting property
of pesticides by lowering the surface tension of droplets and dissolving the wax layer
and cuticle layer of plant leaves. Xiao et al. (2019) reported that plant oil-based adjuvants
could significantly improve the droplet coverage and retention of defoliants in cotton
leaves. Yuan et al. (2019) explored that the application of Green-peel orange essential oil
(GOEO) as a spray adjuvant had great potential to enhance the deposition and penetration
of pesticides on the leaf surface so that it would increase the pesticide utilization rate.
VP was a mineral oil-based adjuvant, which had a similar effect as BDT and other plant
oil-based adjuvants. A previous study showed that plant oil-based and mineral oil-based
adjuvants could remarkably improve the droplet coverage and retention of pesticides on
leaf surfaces (Santos et al., 2019). Our experiments also suggested that oil-based adjuvants
could effectively lower the CA value of droplets, which would improve the efficiency of
pesticides.

As mentioned above, the concentration of tank-mix adjuvant was an important factor
that influenced the performance of pesticides. For NJF and LY, the CA value of droplets
decreased fast and significantly at different concentrations. For oil-based adjuvants
BDT and VP, within a certain concentration range, the CA declined gradually with
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increasing concentration. Noteworthy, adjuvants with high concentrations may have
negative effects on pesticide absorption (Buick, Buchan & Field, 2006). Both BDT and VP
showed the phenomenon that the effect was worse at high concentrations than at lower
concentrations. It might be due to the concentration of adjuvant solution reaching critical
micelle concentration (CMC), which caused the droplet to produce micelle force and
prevents the CA from decreasing (Wang & Liu, 2007). Therefore, in the actual spraying,
the optimal concentration should be determined by considering the comprehensive factors
such as CAinitial, CAfinal, CAchange of the droplets, and the degree of product cost. Further
experiments on exploring the relationship of CMC of tank-mix adjuvant and CA on wheat
leaves were suggested to be carried out in future work, aiming to obtain more reliable and
accurate experimental results for practical application.

CONCLUSIONS
In this article, we measured the effect of different concentrations of tank-mix adjuvants
on droplet CA. We obtained the optimal concentration of BDT, VP, NJF, and LY for
practical application by considering CA changes, droplet diffusion time, and other factors
comprehensively. Firstly, we found that all concentrations of tank-mix adjuvants decreased
CA values, with BDT and VP adjuvants showing slow dynamic CA changes over 0–8.13 s,
while NJF and LY adjuvants exhibited rapid CA reductions over the observation time.
Secondly, CA differences were observed among concentrations within the same adjuvant.
The appropriate concentrations of the four adjuvants for wheat field application were
12% (BDT), 16%(VP), 6h (NJF), and 0.3h (LY) based on the CA dissipation time and
CA values observed from indoor experiments. Finally, considering spreading efficiency
and product cost, a low concentration of alkoxy-modified polytrisiloxane adjuvant (LY)
reduced the CA rapidly to very low values and might be a suitable adjuvant for wheat fields.

In conclusion, we advise that CA values should be measured to optimize appropriate
concentration for field application to obtain satisfactory biological control efficacy.
Furthermore, not only the initial CA value is important when assessing the wettability
of different liquids and optimizing the appropriate concentration for a specific liquid on
the same crop leaf surface, but also what happens with the liquid drops over the observing
time.

ACKNOWLEDGEMENTS
We thank Mr. Xiaochao Liu, Mr. Yifan Zhang, and Mr. Xintao Du for their kind help for
this work.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This workwas funded by theNationalNatural Science Foundation of China (no. 32201659).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Meng et al. (2023), PeerJ, DOI 10.7717/peerj.16464 12/17

https://peerj.com
http://dx.doi.org/10.7717/peerj.16464


Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 32201659.

Competing Interests
Hanxue Zhou is employed by Anyang Quanfeng Biotechnology Co., Ltd.

Author Contributions
• Yanhua Meng conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• Qiufang Wu conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the article, and approved the final
draft.
• Hanxue Zhou conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.
• Hongyan Hu conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.16464#supplemental-information.

REFERENCES
Arand K, Asmus E, Popp C, Schneider D, Riederer M. 2018. The mode of action of

adjuvants-relevance of physicochemical properties for effects on the foliar applica-
tion, cuticular permeability, and greenhouse performance of pinoxaden. Journal of
Agricultural and Food Chemistry 66:5770–5777 DOI 10.1021/acs.jafc.8b01102.

Buick RD, Buchan GD, Field RJ. 2006. The role of surface tension of spreading
droplets in absorption of a herbicide formulation via leaf stomata. Pesticide Science
38:227–235 DOI 10.1002/ps.2780380218.

Cavallaro A, Carbonell-Silletta L, Burek A, Goldstein G, Scholz FG, Bucci SJ. 2022. Leaf
surface traits contributing to wettability, water interception and uptake of above-
ground water sources in shrubs of Patagonian arid ecosystems. Annals of Botany
130:409–418 DOI 10.1093/aob/mcac042.

Chen S, Lan Y, Zhou Z, Ouyang F,Wang G, Huang X, Deng X, Cheng S. 2020. Effect of
droplet size parameters on droplet deposition and drift of aerial spraying by using
plant protection UAV. Agronomy 10:195 DOI 10.3390/agronomy10020195.

Meng et al. (2023), PeerJ, DOI 10.7717/peerj.16464 13/17

https://peerj.com
http://dx.doi.org/10.7717/peerj.16464#supplemental-information
http://dx.doi.org/10.7717/peerj.16464#supplemental-information
http://dx.doi.org/10.7717/peerj.16464#supplemental-information
http://dx.doi.org/10.1021/acs.jafc.8b01102
http://dx.doi.org/10.1002/ps.2780380218
http://dx.doi.org/10.1093/aob/mcac042
http://dx.doi.org/10.3390/agronomy10020195
http://dx.doi.org/10.7717/peerj.16464


Chen Y, Qi H, Li G, Lan Y. 2018.Weed control effect of unmanned aerial vehicle (UAV)
application in wheat field. International Journal of Precision Agricultural Aviation
1:25–31 DOI 10.33440/j.ijpaa.20190202.45.

Da Silva Santos RT, Vechia JFD, Dos Santos CAM, Almeida DP, Da Costa Ferreira
M. 2021. Relationship of contact angle of spray solution on leaf surfaces with weed
control. Scientific Reports 11:9886 DOI 10.1038/s41598-021-89382-2.

Dorr GJ, Wang S, Mayo LC, McCue SW, ForsterWA, Hanan J, He X. 2015. Impaction
of spray droplets on leaves: influence of formulation and leaf character on shatter,
bounce and adhesion. Experiments in Fluids 56:143 DOI 10.1007/s00348-015-2012-9.

Fang H, Zhang Z, Xiao S, Liu Y. 2019. Influence of leaf surface wettability on droplet
deposition effect of rape leaves and their correlation. Journal of Agriculture and Food
Research 1:100011 DOI 10.1016/j.jafr.2019.100011.

Fernandez V, Sancho-Knapik D, Guzman P, Peguero-Pina JJ, Gil L, Karabourniotis
G, Khayet M, Fasseas C, Heredia-Guerrero JA, Heredia A, Gil-Pelegrin E. 2014.
Wettability, polarity, and water absorption of holm oak leaves: effect of leaf side and
age. Plant Physiology 166:168–180 DOI 10.1104/pp.114.242040.

FountainMT, Harris AL, Cross JV. 2010. The use of surfactants to enhance acaricide
control of (Acari: Tarsonemidae) in strawberry. Crop Protection 29:1286–1292
DOI 10.1016/j.cropro.2010.06.016.

Hazen JL. 2000. Adjuvants—terminology, classification, and chemistry1.Weed Technol-
ogy 14:773–784 DOI 10.1614/0890-037x(2000)014[0773:Atcac]2.0.Co;2.

He L, Ding L, Zhang P, Li B, MuW, Liu F. 2021. Impact of the equilibrium relationship
between deposition and wettability behavior on the high-efficiency utilization of
pesticides. Pest Management Science 77:2485–2493 DOI 10.1002/ps.6279.

Jeevahan J, ChandrasekaranM, Britto Joseph G, Durairaj RB, Mageshwaran G.
2018. Superhydrophobic surfaces: a review on fundamentals, applications,
and challenges. Journal of Coatings Technology and Research 15:231–250
DOI 10.1007/s11998-017-0011-x.

Jensen PK, OlesenMH. 2014. Spray mass balance in pesticide application: a review. Crop
Protection 61:23–31 DOI 10.1016/j.cropro.2014.03.006.

Johnson RE, Dettre RH, Brandreth DA. 1977. Dynamic contact angles and con-
tact angle hysteresis. Journal of Colloid and Interface Science 62:205–212
DOI 10.1016/0021-9797(77)90114-x.

Lou Z, Xin F, Han X, Lan Y, Duan T, FuW. 2018. Effect of unmanned aerial vehicle
flight height on droplet distribution, drift and control of cotton aphids and spider
mites. Agronomy 8:187 DOI 10.3390/agronomy8090187.

Magor E,WilsonMD,Wong H, Cresswell T, Sanchez-Palacios JT, Bell RW, Penrose
B. 2023. Selected adjuvants increase the efficacy of foliar biofortification of iodine
in bread wheat (Triticum aestivum L.) grain. Frontiers in Plant Science 14:1246945
DOI 10.3389/fpls.2023.1246945.

Marquez DA, Stuart-Williams H, Farquhar GD. 2021. An improved theory for calcu-
lating leaf gas exchange more precisely accounting for small fluxes. Nature Plants
7:317–326 DOI 10.1038/s41477-021-00861-w.

Meng et al. (2023), PeerJ, DOI 10.7717/peerj.16464 14/17

https://peerj.com
http://dx.doi.org/10.33440/j.ijpaa.20190202.45
http://dx.doi.org/10.1038/s41598-021-89382-2
http://dx.doi.org/10.1007/s00348-015-2012-9
http://dx.doi.org/10.1016/j.jafr.2019.100011
http://dx.doi.org/10.1104/pp.114.242040
http://dx.doi.org/10.1016/j.cropro.2010.06.016
http://dx.doi.org/10.1614/0890-037x(2000)014[0773:Atcac]2.0.Co;2
http://dx.doi.org/10.1002/ps.6279
http://dx.doi.org/10.1007/s11998-017-0011-x
http://dx.doi.org/10.1016/j.cropro.2014.03.006
http://dx.doi.org/10.1016/0021-9797(77)90114-x
http://dx.doi.org/10.3390/agronomy8090187
http://dx.doi.org/10.3389/fpls.2023.1246945
http://dx.doi.org/10.1038/s41477-021-00861-w
http://dx.doi.org/10.7717/peerj.16464


Matthews GA, Thomas N. 2000.Working towards more efficient application of pesti-
cides. Pest Management Science 56:974–976
DOI 10.1002/1526-4998(200011)56:11<974::AID-PS231>3.0.CO;2-4.

Meng YH, Lan YB, Mei GY, Guo YW, Song JL, Wang ZG. 2018. Effect of aerial spray
adjuvant applying on the efficiency of small unmanned aerial vehicle for wheat
aphids control. International Journal of Agricultural and Biological Engineering
11:46–53 DOI 10.25165/j.ijabe.20181105.4298.

Meng Y, ZhongW, Liu C, Su J, Su J, Lan Y,Wang Z,WangM. 2022. UAV spraying
on citrus crop: impact of tank-mix adjuvant on the contact angle and droplet
distribution. PeerJ 10:e13064 DOI 10.7717/peerj.13064.

Nairn JJ, ForsterWA, van Leeuwen RM. 2011. Quantification of physical (roughness)
and chemical (dielectric constant) leaf surface properties relevant to wettability and
adhesion. Pest Management Science 67:1562–1570 DOI 10.1002/ps.2213.

Papierowska E, Szporak-Wasilewska S, Szewińska J, Szatyłowicz J, Debaene G, Utratna
M. 2018. Contact angle measurements and water drop behavior on leaf surface for
several deciduous shrub and tree species from a temperate zone. Trees 32:1253–1266
DOI 10.1007/s00468-018-1707-y.

Peirce CA, Priest C, McBeath TM,McLaughlin MJ. 2016. Uptake of phosphorus from
surfactant solutions by wheat leaves: spreading kinetics, wetted area, and drying time.
Soft Matter 12:209–218 DOI 10.1039/c5sm01380a.

Policello GA, Murphy GJ. 1993. The influence of co-surfactants on the spread-
ing ability of organosilicone wetting agents. Pesticide Science 37:228–230
DOI 10.1002/ps.2780370226.

Preftakes CJ, Schleier 3rd JJ, Kruger GR,Weaver DK, Peterson RKD. 2019. Effect of
insecticide formulation and adjuvant combination on agricultural spray drift. PeerJ
7:e7136 DOI 10.7717/peerj.7136.

Quetzeri-SantiagoMA, Castrejón-Pita JR, Castrejón-Pita AA. 2020. On the analysis
of the contact angle for impacting droplets using a polynomial fitting approach.
Experiments in Fluids 61:143 DOI 10.1007/s00348-020-02971-1.

Rowlandson T, GleasonM, Sentelhas P, Gillespie T, Thomas C, Hornbuckle B. 2015.
Reconsidering leaf wetness duration determination for plant disease management.
Plant Disease 99:310–319 DOI 10.1094/PDIS-05-14-0529-FE.

Ryckaert B, Spanoghe P, Heremans B, Haesaert G, SteurbautW. 2008. Possibilities to
use tank-mix adjuvants for better fungicide spreading on triticale ears. Journal of
Agricultural and Food Chemistry 56:8041–8044 DOI 10.1021/jf8005257.

Santos C, Santos R, Della’Vechia JF, Griesang F, Polanczyk RA, Ferreira MDC. 2019.
Effect of addition of adjuvants on physical and chemical characteristics of Bt
bioinsecticide mixture. Scientific Reports 9:12525 DOI 10.1038/s41598-019-48939-y.

Sanyal D, Bhowmik PC, Reddy KN. 2017. Influence of leaf surface micromorphology,
wax content, and surfactant on primisulfuron droplet spread on barnyardgrass
(Echinochloa crus-galli) and green foxtail (Setaria viridis).Weed Science 54:627–633
DOI 10.1614/ws-05-173r.1.

Meng et al. (2023), PeerJ, DOI 10.7717/peerj.16464 15/17

https://peerj.com
http://dx.doi.org/10.1002/1526-4998(200011)56:11<974::AID-PS231>3.0.CO;2-4
http://dx.doi.org/10.25165/j.ijabe.20181105.4298
http://dx.doi.org/10.7717/peerj.13064
http://dx.doi.org/10.1002/ps.2213
http://dx.doi.org/10.1007/s00468-018-1707-y
http://dx.doi.org/10.1039/c5sm01380a
http://dx.doi.org/10.1002/ps.2780370226
http://dx.doi.org/10.7717/peerj.7136
http://dx.doi.org/10.1007/s00348-020-02971-1
http://dx.doi.org/10.1094/PDIS-05-14-0529-FE
http://dx.doi.org/10.1021/jf8005257
http://dx.doi.org/10.1038/s41598-019-48939-y
http://dx.doi.org/10.1614/ws-05-173r.1
http://dx.doi.org/10.7717/peerj.16464


Sijs R, Bonn D. 2020. The effect of adjuvants on spray droplet size from hydraulic
nozzles. Pest Management Science 76:3487–3494 DOI 10.1002/ps.5742.

Sobiech Ł, GrzankaM, Skrzypczak G, Idziak R,Włodarczak S, OchowiakM. 2020. Ef-
fect of adjuvants and ph adjuster on the efficacy of sulcotrione herbicide. Agronomy
10:530 DOI 10.3390/agronomy10040530.

Song Y, Huang Q, Huang G, LiuM, Cao L, Li F, Zhao P, Cao C. 2022. The effects of
adjuvants on the wetting and deposition of insecticide solutions on hydrophobic
wheat leaves. Agronomy 12:2148 DOI 10.3390/agronomy12092148.

Wang X, He X, Song J, Wang Z,Wang C,Wang S,Wu R, Meng Y. 2018. Drift potential
of UAV with adjuvants in aerial applications. International Journal of Agricultural and
Biological Engineering 11:54–58 DOI 10.25165/j.ijabe.20181105.3185.

Wang S, Li X, Zeng A, Song J, Xu T, Lv X, He X. 2022. Effects of adjuvants on spraying
characteristics and control efficacy in unmanned aerial application. Agriculture
12:138 DOI 10.3390/agriculture12020138.

Wang CJ, Liu ZQ. 2007. Foliar uptake of pesticides—present status and future challenge.
Pesticide Biochemistry and Physiology 87:1–8 DOI 10.1016/j.pestbp.2006.04.004.

Wang S,Wang H, Tong L, Chun L, Zhong X, Zhou Y. 2016.Wetting property represen-
tation of pesticides on the crop leaf surfaces.

Xiao Q, Xin F, Lou Z, Zhou T,Wang G, Han X, Lan Y, FuW. 2019. Effect of aviation
spray adjuvants on defoliant droplet deposition and cotton defoliation efficacy
sprayed by unmanned aerial vehicles. Agronomy 9:217
DOI 10.3390/agronomy9050217.

Yan X,WangM, Zhu Y, Shi X, Liu X, Chen Y, Xu J, Yang D, Yuan H. 2021. Effect of
aviation spray adjuvant on improving control of fusarium head blight and reducing
mycotoxin contamination in wheat. Agriculture 11:1284
DOI 10.3390/agriculture11121284.

YuanW, Zhao P, Chen H,Wang L, Huang G, Cao L, Huang Q. 2019. Natural green-
peel orange essential oil enhanced the deposition, absorption and permeation of
prochloraz in cucumber. RSC Advances 9:20395–20401 DOI 10.1039/c9ra02809a.

Zhang K, Chen J, Wang C, Han L, Shang Z,Wang G,WangM, Deng X, Zhang Y,Wang
X, Li P, Wei Y,Wang J, Xu X, Lan Y, Guo R. 2018. Evaluation of herbicides aerially
applied from a small unmanned aerial vehicle over wheat field. International Journal
of Precision Agricultural Aviation 1:49–53 DOI 10.33440/j.ijpaa.20200301.61.

Zhang X, Xiong L. 2021. Effect of adjuvants on the spray droplet size of pesticide
dilute emulsion. Colloids and Surfaces A: Physicochemical and Engineering Aspects
619:126557 DOI 10.1016/j.colsurfa.2021.126557.

Zhang C, Zhao X, Lei J, Ma Y, Du F. 2017. The wetting behavior of aqueous surfactant
solutions on wheat (Triticum aestivum) leaf surfaces. Soft Matter 13:503–513
DOI 10.1039/c6sm02387h.

Zhao R, YuM, Sun Z, Li LJ, Shang HY, XiWJ, Li B, Li YY, Xu Y,Wu XM. 2022. Using
tank-mix adjuvant improves the physicochemical properties and dosage delivery
to reduce the use of pesticides in unmanned aerial vehicles for plant protection in
wheat. Pest Management Science 78:2512–2522 DOI 10.1002/ps.6879.

Meng et al. (2023), PeerJ, DOI 10.7717/peerj.16464 16/17

https://peerj.com
http://dx.doi.org/10.1002/ps.5742
http://dx.doi.org/10.3390/agronomy10040530
http://dx.doi.org/10.3390/agronomy12092148
http://dx.doi.org/10.25165/j.ijabe.20181105.3185
http://dx.doi.org/10.3390/agriculture12020138
http://dx.doi.org/10.1016/j.pestbp.2006.04.004
http://dx.doi.org/10.3390/agronomy9050217
http://dx.doi.org/10.3390/agriculture11121284
http://dx.doi.org/10.1039/c9ra02809a
http://dx.doi.org/10.33440/j.ijpaa.20200301.61
http://dx.doi.org/10.1016/j.colsurfa.2021.126557
http://dx.doi.org/10.1039/c6sm02387h
http://dx.doi.org/10.1002/ps.6879
http://dx.doi.org/10.7717/peerj.16464


Zhu F, Cao C, Cao L, Li F, Du F, Huang Q. 2019.Wetting behavior and maximum
retention of aqueous surfactant solutions on tea leaves.Molecules 24:2094
DOI 10.3390/molecules24112094.

Zi L, Zang Y, Huang J, Bao R, Zhou Z, Xiao H. 2021. Effects on control efficacy
of pesticide-adjuvants mixture against rice chilo suppressalis(walker) based
on plant protection unmanned aerial vehicle. Smart Agriculture 3:52–59
DOI 10.12133/j.smartag.2021.3.3.202105-SA007.

Meng et al. (2023), PeerJ, DOI 10.7717/peerj.16464 17/17

https://peerj.com
http://dx.doi.org/10.3390/molecules24112094
http://dx.doi.org/10.12133/j.smartag.2021.3.3.202105-SA007
http://dx.doi.org/10.7717/peerj.16464

