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Abstract 
An effective way to reduce herbicide quantity is to use adjuvants in order to optimize the amount of herbicide and improve 
its control efficiency. In order to screen for efficient herbicide tank-mix adjuvants, improve the control of weeds in maize 
fields, reduce the amount of effective ingredients, and improve the adsorption and digestion behavior of herbicides in soil, 
this study evaluated the synergistic effects and soil behavior of four types of tank-mix adjuvants combined with herbicides. 
Different types of adjuvants can enhance herbicide production. Surface tension was significantly reduced by 13% after the 
pesticide solution was applied with AgroSpred™ Prime. The contact angle with the foliar surface was significantly reduced 
and solution wettability improved using Atp Lus 245-LQ-(TH). The permeability of topramezone and atrazine in leaves 
of Amaranthus retroflexus L. and Digitaria sanguinalis (L.) Scop. was increased by 22–96% after adding either tank-mix 
adjuvant. The solution drying time and maximum retention on leaves were not affected by the tank-mix adjuvants. Ethyl 
and methylated vegetable oils can reduce the adsorption of topramezone in the soil, thus reducing its half-life in soil. The 
tank-mix adjuvants had no significant effect on soil dissipation or adsorption of atrazine. AgroSpred™ Prime and Atp Lus 
245-LQ-(TH) have the best synergistic effect on topramezone and atrazine in the control of A. retroflexus L. and D. sangui-
nalis (L.) Scop. in maize fields.
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Introduction

Pesticide application remains the main means to control 
diseases, pests, and weeds in crop fields. The use of pes-
ticides includes root irrigation, leaf spraying, and foam 
application on seeds. The wettability and retention period 
of pesticide solutions on leaf surfaces may be poor. This 
limits the effectiveness of the pesticides, necessitating 
their increased use, resulting in the risk of pesticide resi-
dues in the environment and adverse effects on human 
health (Gao et al. 2020; Li et al. 2019). Recent attempts to 
improve pesticide utilization rates have mainly focused on 
enhancing pesticide efficacy by adding appropriate adju-
vants during pesticide formulation or application. Several 
studies have confirmed that different types of additives can 
achieve the purpose of increase drug efficacy in different 
ways. For example, Zhang et al. studied the effect of meth-
ylated seed oil adjuvant topramezone on the bioactivity 
of Setaria faberi Herrm and Abutilon theophrasti Medic., 
solution properties, droplet expansion and volatilization, 
deposition of active components, absorption, and leaf 
movement (Zhang et al. 2013). Methylated seed oil sig-
nificantly improved the efficacy of topramezone by 68.9% 
and promoted absorption efficiency by 45.9% in leaves of 
A. medic. Zandonadi et al. mixed a foliar fertilizer of man-
ganese sulfate and manganese nitrate with an insecticide 
(chlorfenapyr) (Zandonadi et al. 2018). The addition of a 
silicone adjuvant improved the permeation rate by 20% 
for a blend of chlorfenapyr and manganese sulfate and by 
35% for a blend of fipronil and manganese nitrate. Mohas-
sel et al. described that the addition of adjuvants (frigate, 
citogate, and adigor) to diclofop-methyl and fenoxaprop-
p-ethyl reduced the surface tension of the insecticide solu-
tion, significantly improving the control efficacy against 
Avena fatua L. (Mohassel et al. 2011).

After pesticides have entered the environment, they 
exhibit a series of different environmental behaviors. More 
attention has been paid to enhancing the mechanism of 
pesticide activity after mixing with adjuvants, but less 
research has addressed the environmental behavior of pes-
ticide solutions that have been prepared using adjuvants. 
Soil and sediment sorption are considered important prel-
udes to other environmental behaviors of atrazine, which 
control the fate of atrazine in ecosystems (Qu et al. 2017). 
Dissipation is another key process controlling the envi-
ronmental transport and fate of atrazine. Swarcewicz et al. 
reported the decreasing dissipation rate of atrazine in soils 
in the presence of increasing concentrations of Atpolan 
80 emulsifiable concentrate adjuvant (Swarcewicz et al. 
2007). These findings were attributed to the increased 
adsorption of atrazine and the resulting decrease in its 
availability for dissipation in soils with higher organic 

matter content. Kucharski showed that the addition of a 
surfactant as an adjuvant did not affect the residual level 
of metamitron in soils, while the use of an oil adjuvant 
resulted in a significant increase in the persistence of the 
herbicide in soils under field conditions (Kucharski 2009). 
Therefore, whether different types of additives have differ-
ent effects on the behavior of the pesticides in the environ-
ment requires further investigation.

Atrazine is currently one of the most commonly used 
herbicides to control a variety of broadleaf and some grass 
weeds in maize fields (Cui et al. 2021). The long-term and 
large-scale use of atrazine has accelerated the emergence 
of atrazine-resistant weed biotypes, and atrazine produces 
metabolites in the soil that have a lasting impact on the eco-
logical environment. Topramezone is a novel and highly 
selective phenylmethylpyrazolone herbicide that was devel-
oped by BASF. Topramezone has an excellent selectivity 
and broad-spectrum herbicidal activity (Escobar-Niño et al. 
2019). The degradation ability of the topramezone is weak 
and it is not easy to photolyze; therefore, the stable chemi-
cal properties of the topramezone may have toxic effects 
on the subsequent crops. Long-term excessive use of pes-
ticides leads to higher levels of pesticide residues in the 
environment, which are harmful to both the environment 
and human health (Scialli et al. 2014; Martins-Santos et al. 
2018). Therefore, there is an urgent need to increase the 
efficacy of atrazine and topramezone, reduce their usage, and 
improve environmental and crop safety. Topramezone can 
be reabsorbed and transported by the crop root system, and 
atrazine causes groundwater pollution and phytotoxicity in 
subsequent crops. Therefore, it is also important to detect the 
adsorption and dissipation behaviors of synergist pesticides 
in soils (Chang et al. 2022).

The tank-mix adjuvant is a pesticide additive that can 
be directly added to the pesticide bucket before spraying, 
and can improve the physical and chemical properties of 
the solution after uniform mixing (Zhang et al. 2021). The 
types, functions, dosages, and usages of tank mix adjuvants 
are diverse, with strong flexibility and adaptability, and can 
be mixed with chemical and microbial pesticides. Tank-mix 
adjuvants can also improve the spray performance of the 
solution in many different ways, such as improving sur-
face tension, increasing permeability, improving rain ero-
sion resistance, preventing drift, promoting sedimentation, 
reducing the risk of phytotoxicity, and resisting photolysis. 
In recent years, tank-mix adjuvants have been developed 
rapidly in China and have been successfully applied for 
plant protection and the spraying of many crops over a large 
area. The effect of adjuvants on the herbicide efficacy varies 
depending on the type of adjuvant and herbicide used. Zhao 
in their study found that, by studying the surface tension and 
contact angle, PT might be the best surface-active agent for 
pesticide spraying; however, it did not always show the best 
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effect in regard to practical applications. MO has the greatest 
effect on EPX absorption in rice shoots and CLR deposi-
tion on the plant surface (Zhao et al. 2022). Therefore, the 
reasonable selection of additives is of great significance in 
reducing the use of herbicides.

In recent years, due to the increase in herbicide dosage 
and area, problems such as serious herbicide damage, dete-
rioration of farmland soil environment, and influence of pes-
ticide residues on crop change have gradually emerged in 
the process of herbicide application. Therefore, agricultural 
production urgently needs to use the technical advantages 
of tank-mix adjuvants to reduce the occurrence of the above 
problems. We hope to screen suitable adjuvants that can 
improve field efficacy and reduce pesticide residues in the 
soil through field synergistic studies and soil behavior stud-
ies of different adjuvants added to herbicides.

Materials and methods

Adjuvants and materials

The maize cultivar tested was Zhengdan 958 (donor seeds). 
The soil used for testing was obtained from the West Cam-
pus of Hebei Agricultural University, Baoding City (loam, 
pH 5.94). The weeds used in the study were Digitaria san-
guinalis (L.) Scop. and Amaranthus retroflexus L.

Topramezone pesticide (30%) was purchased from BASF 
China Co., Ltd. (Shanghai, China). Atrazine pesticide (38%) 
was purchased from Shandong Binnong Technology Co., 
Ltd. (Binzhou, China). Ethyl and methylated vegetable oils 
were provided by BASF China Co., Ltd. AgroSpred™ Prime 
adjuvant was provided by Momentive Trading Co. Ltd. 
(Shanghai, China). Atp Lus 245-LQ-(TH) adjuvant was pro-
vided by CRODA Chemicals Co., Ltd. (Shanghai, China). 
Maisi adjuvant was provided by Grand AgroChem Co., Ltd. 
(Beijing, China). Topramezone (98.41% purity) and atrazine 
(99.16% purity) standards were supplied by Dr. Ehrenstor-
fer GmbH (Augsburg, Germany). High-performance liquid 
chromatography (HPLC)–grade acetonitrile and methanol 
were purchased from Thermo Fisher Chemicals (Shanghai, 
China). HPLC-grade dichloromethane was purchased from 
Yongda Chemicals Co., Ltd. (Tianjin, China). Analytically 
pure formic acid was purchased from Thermo Fisher Sci-
entific Co., Ltd. (China). Analytically pure hydrochloric 
acid was provided by Kermel Chemicals Co., Ltd. (Tianjin, 
China). Analytical-grade NaCl was provided by Guangfu 
Technology Co., Ltd. (Tianjin, China).

Sample pretreatment

By referring to previously described detection methods 
of Feng et al. and Wang et al., a method was developed 

to simultaneously analyze topramezone and atrazine pre-
treatment in the leaves of maize, D. sanguinalis (L.) Scop., 
and A. retroflexus L. Leaves were collected and put into a 
knife grinder (Feng et al. 2017; Wang et al. 2018). The mix-
ture was ground into a powder on dry ice. One gram of the 
sample was accurately weighed (to 0.01 g) and placed in 
a 50-mL plastic centrifuge tube with a stopper. Five mil-
liliters of 1 mol/L aqueous hydrochloric acid solution was 
added, followed by vortexing with 10 mL of acetonitrile 
for 5 min. NaCl (3 g) was added, vortexed for 1 min, and 
centrifuged at 4000 rpm for 5 min. The supernatant was 
filtered through a 0.22-μm polytetrafluoroethylene filter for 
subsequent analysis.

In another experiment, soil (2 g) was accurately weighed 
(to 0.01 g) and placed in a 50-mL plastic centrifuge tube 
with a stopper. Two milliliters of ultrapure water was added 
to the centrifuge tube and vortexed, followed by the addition 
of 10 mL of 5% formic acid in acetonitrile for extraction. 
The sample was vortexed for 5 min, NaCl (3 g) was added, 
and the tube was vortexed again for 5 min and centrifuged 
at 4000 rpm for 5 min. One milliliter of the supernatant was 
then collected, placed on a purification column (25 mg pri-
mary secondary amine sorbent + 150 mg anhydrous magne-
sium sulfate), vortexed for 30 s, and centrifuged at 8000 rpm 
for 5 min. The resulting supernatant (0.5 mL) was mixed 
with ultrapure water (0.5 mL) and vortexed. The supernatant 
was filtered through a 0.22-μm polytetrafluoroethylene filter 
for subsequent analysis.

Ultra‑high‑performance liquid chromatography–
tandem mass spectrometry (UPLC‑MS/MS)

Quantitative analyses of topramezone and atrazine were 
performed using UPLC. The apparatus (Shimadzu, Kyoto, 
Japan) was coupled to a triple-quadrupole mass spectrom-
eter (AB 5500 Triple Quad; Agilent, San Diego, CA, USA) 
using an electrospray ionization source and multiple reaction 
modes. A Bonshell C18 (50 mm × 2.1 mm, 2.7 µm parti-
cle size) analytical column with a C18 security guard car-
tridge from Agela Technologies (Torrance, CA, USA) was 
employed for the chromatographic separation. The flow rate 
of the two herbicides was 0.3 mL/min and the column tem-
perature was 40 ℃. The injection volume was 2 μL. The dif-
ferences between the two herbicide methods were as follows: 
the mobile phases for atrazine were 0.1% aqueous formic 
acid solution (phase A) and acetonitrile (phase B). Gradient 
elution to atrazine and optimized as follows: 0.0–0.5 min 
from 90 to 60% A and held for 2 min, 2.5–3.0 min from 60 
to 10% A, held for 2.5 min, and 5.5–6.0 min from 10 to 95% 
A and held for 1 min. The mobile phases used for topram-
ezone were 0.1% formic acid aqueous solution (phase A) and 
methanol (phase B). Gradient elution of topramezone was 
optimized as follows: 0.0–1.0 min from 95 to 30% A and 
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held for 1 min, 2.0–2.5 min from 30 to 10% A and held for 
0.5 min, and 3.1–5.0 min of 90% A.

The MS conditions for atrazine detection were a dry gas 
temperature of 300 ℃, a curtain air pressure of 20 psi, a col-
lision air pressure of 7 psi, an atomized air pressure of 50 
psi, and an auxiliary air pressure of 50 psi. The electrospray 
voltage was 5500 V in the multiple-ion reaction monitoring 
mode. The ionization mode was positive. The MS conditions 
of the topramezone were a dry gas temperature of 550 ℃, a 
negative ionization mode, with the other conditions the same 
as those for atrazine. Mass spectral parameters of atrazine 
and topramezone are listed in Supplementary Table S1.

Effect of different adjuvants on the surface tension 
of topramezone and atrazine

Pesticide suspensions containing 30% topramezone and 
38% atrazine were mixed with distilled water at a dosage 
of33.3 mg/L and 886.7 mg/L, respectively. The adjuvant 
solutions were prepared to the recommended dosages (all 
v/v) of 0.3% for ethyl and methylated vegetable oils 0.03% 
for AgroSpred™ Prime, 0.1% for Atp Lus 245-LQ-(TH), and 
0.2% for Maisi. The control group did not include adjuvants. 
Twenty milliliters of each preparation was used. Surface ten-
sion was determined by the platinum plate method (GB/T 
22237–2008) in an automatic tensiometer (JK99B; Powe-
reach, Shanghai, China). Determinations were repeated three 
times for each treatment. Distilled water was used for calibra-
tion (approximately 71 mN/m, 28 ± 1 °C) before measuring 
each solution.

Effect of different adjuvants on contact angles 
of topramezone and atrazine

The contact angles of topramezone and atrazine in the 
absence and presence of each adjuvant were determined 
using a JC2000DM measuring instrument (Powereach). In 
a closed environment (temperature 28 ± 1 ℃), 1 µL of each 
solution was dispensed onto the surface of the paraffin slide 
with a microinjector. The contact angle was measured within 
5 s after the sample was added and was repeated three times 
for each treatment (Zhang et al. 2015).

Effect of different adjuvants on drying 
times of topramezone and atrazine

The drying time was tested by the drop-drying method (Lu 
et al. 2004). In a calm environment (temperature 25 ℃ ± 1 ℃, 
relative humidity 40%), a micro-sampler was used to collect 
1 μL of each treatment solution and drop it onto the surface 
of a paraffin slide. The time for complete drying of the solu-
tion was recorded. Each treatment was repeated three times.

Effect of different adjuvants on maximum retention 
of topramezone and atrazine

An appropriate amount of intact and uniformly sized 
maize seeds maize, D. sanguinalis (L.) Scop., and A. 
retroflexus L. seeds were collected in Petri dishes. The 
seeds were covered with filter paper and moistened 
with distilled water to promote germination. Nutrient 
soil, vermiculite, and plant ash (2:2:1) were thoroughly 
mixed, moistened, and placed in a bowl. Germinated 
seeds were planted in pots and sprayed with a nutrient 
solution. The samples were then allowed to grow in a 
greenhouse at a temperature of 27 ± 5 ℃ and a humidity 
of 70 ± 5%.

A previously described immersion method was 
adopted (Teng et  al. 2011). Equal-sized portions of 
D. sanguinalis (L.) Scop. and A. retroflexus L. leaves 
(2 cm × 2 cm) without major veins were cut and weighed 
using a balance with a precision of 1/1000. Leaves were 
removed using forceps and completely immersed in a 
beaker containing the solution for 5 s. The leaves were 
then quickly lifted to the surface and suspended verti-
cally for 15 s. The droplets on the leaf were weighed 
after they no longer flowed.

Effects of different adjuvants on the permeability 
of topramezone and atrazine

Plastic flower pot was two-thirds filled with sandy loam. 
D. sanguinalis (L.) Scop. and A. retroflexus L. seeds were 
set flat on the soil, covered with 3 cm of soil, and watered 
for later use. In the seedling tray, the maize seeds were 
sterilized, germinated at 25 ℃ in the dark, and then trans-
ferred to a plastic flowerpot for later use.

In the pesticide spray experiment, pesticides were pre-
pared as described above. Each solution was sprayed using 
a model 3WP-2000 walking spray tower at the 3rd and 4th 
leaf stages of maize, and the 2nd and 3rd leaf stages of D. 
sanguinalis (L.) Scop. and A. retroflexus L. There were 
five treatments for each plant type, with 10 pots per treat-
ment. The same amount of water was used in the control 
group. When the pesticide is applied, the fog surface of the 
fan-shaped sprinkler head is perpendicular to the walking 
direction. The shelf height was adjusted according to the 
height of the plant. The stems and leaves in each pot were 
placed within an effective spray range.

Plant leaf samples were collected randomly and evenly 
24 h after pesticide application. Approximately 100 g was 
sampled at each time point. The sample leaves were rinsed 
with water, and excess moisture on the leaf surface was 
absorbed through filter paper and placed in a plastic bag. 
The samples were stored at – 20 ℃.
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Effects of different adjuvants on the adsorption 
of topramezone and atrazine in soil

The soil sample (2.0 g) was placed in a 50-mL plastic centri-
fuge tube with a stopper, and 10 mL of the topramezone and 
atrazine 0.1 mol/L CaCl2 standard solution with a concentra-
tion of 5.0 mg/L was added. The water-to-soil ratio was 5:1 
(w/w). The centrifuge tube was placed in a shaker at a con-
stant temperature (25 ± 1 ℃) and shaken horizontally for 1, 
5, 10, 24, and 48 h. The centrifuge tube was then centrifuged 
at 4000 rpm for 10 min. The sample supernatant (2.0 mL) 
was collected and filtered through a 0.22-μm polytetrafluoro-
ethylene filter for UPLC-MS/MS analysis.

The soil sample (2.0 g) was placed in a 50-mL plastic 
centrifuge tube with a stopper, and then 10 mL of (30% 
topramezone suspension and 38% atrazine suspension) 
0.1 mol/L CaCl2 solution with an initial concentration of C0 
(0.5, 1, 2, 3, 4, and 5 mg/L) was added. As recommended, 
the dosages used (all % v/v) were 0.3% for ethyl and meth-
ylated vegetable oils, 0.03% for AgroSpred™ Prime, 0.1% 
for Atp Lus 245-LQ-(TH), and 0.2% for Maisi. The groups 
with only ultrapure water or the solution without soil were 
set as the control groups. Each centrifuge tube was placed 
in a shaker at a constant temperature (25 ± 1 ℃), shaken 
for 24 h, removed, and centrifuged at 4000 rpm for 10 min. 
Aliquots (2.0 mL) of sample supernatant were collected and 
filtered through a 0.22-μm polytetrafluoroethylene filter for 
UPLC-MS/MS analysis.

Effects of different adjuvants on the dissipation 
of topramezone and atrazine in soil

The aforementioned concentrations of atrazine and topram-
ezone and the adjuvant were used. The group without any 
adjuvants and the group with ultrapure water were used as 
the control groups. The soil samples were collected, dried, 
and weighed (50 g each), and the solution was added to 
adjust the soil water content to 60% of the saturated water 
content. Each treatment was conducted in triplicate. Sam-
ples were taken at 2 h, 3 days, 7 days, 14 days, 30 days, 
60 days, and 90 days, and the contents of the topramezone 
and atrazine were detected by QuEChERS (Miguel et al. 
2022) pretreatment.

Data analysis

The maximum retention of the solution is calculated as 
follows:

Maximumretention
(

mg∕cm2
)

=
W1 −W0

S

W1—initial blade weight (mg);
W0—blade weight when no liquid drops flow out (mg);
S—leaf surface area (cm2).
The effect of adjuvants on the permeability of pesticides 

was calculated by detecting the residual amount of pesticides 
added to different adjuvants in plant leaves after applica-
tion. The permeability of topramezone and atrazine on the 
leaves of maize, Macedon, and Amaranthus was calculated 
as follows:

Ri—pesticide residue in the leaves after rinsing (mg/kg);
Rt—pesticide residue in leaves without rinsing (mg/kg).
Excel software was used to analyze and sort out the dis-

sipation data of topramezone in soil, the residual amount 
of topramezone in Baoding soil was changed and mapped 
using Origin software, and the correlation between physi-
cal and chemical properties and adsorption was analyzed. 
According to the first-order kinetic equation, the fitting data 
formulas are

Ct—residual pesticide concentration during period t (mg/kg);
C0 — original pesticide deposition (mg/kg);
T1∕2—dissipation half-life;
k—dissipation coefficient.
Microsoft Excel was used in order to process the synergic 

index data, SPSS was used to calculate the 95% confidence 
intervals, and GraphPad Prism was used to draw the graphs.

Results and discussion

Determination of residue analysis methods 
for topramezone and atrazine in the five matrices

The standard spectra of the two herbicides are shown in 
Fig. S8; the peak shape of the chromatogram is sharp and 
accurate, which proves the feasibility of the method. In the 
leaves of maize, D. sanguinalis (L.) Scop., and A. retroflexus 
L., the recovery experiments of topramezone and atrazine at 
three levels were performed. The concentrations used were 
0.01, 0.1, and 1 mg/kg, with five replicates per added con-
centration. The two compounds in the three matrices were 
between 74 and 107%, with relative standard deviation 
(RSD) ranging from 0.8 to 17.8% (Supplementary Table S2). 
In the soil, recovery experiments of topramezone, atrazine, 
and their metabolites were performed using concentrations 

Permeability(%) =
Ri

Rt

× 100%

Ct = C
0
× e−kt

T1∕2(d) =
ln2

k
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of 0.02, 0.05, and 0.2 mg/kg, with five replicates for each 
concentration. The compounds in the soil and 0.1 mol/L 
CaCl2 solution were between 75 and 119%, with RSD rang-
ing from 1.0 to 8.7% (Supplementary Table S2). The experi-
mental results showed good accuracy and precision, meeting 
the requirements for pesticide residue detection in China. 
The linearity of topramezone, atrazine, and their metabo-
lites ranging from 0.005–0.2 mg/L was determined. Satis-
factory linearity was achieved with a correlation coefficient 
(R2) > 0.99 (Supplementary Table S3).

Effect of different adjuvants on the surface tension 
of topramezone and atrazine solutions

As shown in Fig. 1, the surface tension of the solutions was 
35.1 mN/M when no adjuvant was added. When an aque-
ous solution of each adjuvant was added, the surface ten-
sion was reduced to 30.1, 22.4, 30.1, and 30.3 mN/M for 
ethyl and methylated vegetable oils, AgroSpred™ Prime, 
Atp Lus 245-LQ-(TH), and Maisi, respectively. The smaller 
the surface tension, the smaller the shrinkage force. Thus, 
spreading a solution on the surface is easier, as is wetting 
the solid interface (Loglio et al. 2006). The surface tension 
of the solution can be reduced by adding approximately 
36% AgroSpred™ Prime adjuvant. Followed by ethyl and 
methylated vegetable oils and Atp Lus 245-LQ-(TH), the 
lowest surface tension reduction was seen with the Maisi 
adjuvant agent. The lower the surface tension, the better the 
wettability, which is conducive to the role of pesticides. Guo 
used a silicone spray to improve the interface performance of 

pesticides and demonstrated a significantly improved control 
effect on scallion rust (Guo 2011).

Effect of different adjuvants on the contact angle 
of topramezone and atrazine

During the spraying process, a solution forms a certain 
contact angle (θ) with the leaf surface in the passage from 
the nozzle of the spray device to the leaf surface. The dep-
osition state of a solution on the target plant leaf surface 
can be analyzed by the size of the contact angle, which 
indicates the solution’s wettability and distribution. The 
contact angle is a quantitative measure of surface wet-
tability and is expressed as the angle between the liquid 
or vapor interface and the solid surface. Zhang found that 
spray adjuvants enhance the efficacy of mesotrione by 
reducing its contact angle on weed leaves and increas-
ing its maximum holding capacity on target plants (Zhang 
et al. 2015). Meng found that the type and concentration 
of tank-mix adjuvants would affect the contact Angle 
(Meng et al. 2023). In our experiment, the contact angle of 
topramezone and atrazine solutions without any adjuvants 
was 80.5°. As shown in Fig. 2, after the addition of four 
kinds of spray adjuvants, the contact angle of the solu-
tion decreased significantly. Atp Lus 245-LQ-(TH) most 
profoundly affected the contact angle (θ = 52.0°), which 
represented a 28.5% decrease, followed by Maisi adjuvant 
(θ = 65.8°, 14.7% decrease). Ethyl and methylated vegeta-
ble oils (θ = 75.3°) and AgroSpred™ Prime (θ = 75.5°) 
had no significant effect on the contact angle, with a con-
tact angle decrease of only 5.0–5.2% compared with the 
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Fig. 1   Effect of different adjuvants on the surface tension of topram-
ezone and atrazine

Fig. 2   Effect of different adjuvants on the contact angle of topram-
ezone and atrazine
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adjuvant-free control. According to the grading method of 
Gaskin et al., the wettability of the solution is defined as 
follows: θ < 60° indicates good wettability; 60° ≤ θ < 80° 
indicates medium wettability; 80° ≤ θ < 100° indicates 
poor wettability; and θ ≥ 100° indicates very poor wetta-
bility (Gaskin et al. 2005). The wettability of topramezone 
and atrazine solutions without adjuvants was poor. After 
adding ethyl and methylated vegetable oils, AgroSpred™ 
Prime, and Maisi adjuvants, the wettability was medium. 
After adding Atp Lus 245-LQ-(TH) adjuvant, the wettabil-
ity was good.

Effect of different adjuvants on the drying time 
of topramezone and atrazine solutions

The drying time was reduced and the solution loss caused 
by natural factors that include wind speed and leaf jitter 
was reduced. The drying time of topramezone and atrazine 
solutions without adjuvants was 13.3 min (Fig. 3). After the 
addition of ethyl and methylated vegetable oils, the drying 
time was not significantly reduced (12.5 min). The drying 
times following the addition of the AgroSpred™ Prime, Atp 
Lus 245-LQ-(TH), and Maisi adjuvant were 11.2, 10.6, and 
11.3 min, respectively. The addition of Atp Lus 245-LQ-
(TH) had the clearest effect on drying time, which was 
15% shorter than that seen without adjuvants, followed by 
AgroSpred™ Prime and Maisi adjuvants, which shortened 
the drying time by 10%. The reduction in the drying time of 
the pesticide solution was due to the presence of adjuvants, 
which reduce the surface tension of the pesticide solution, 
increase the surface area of the pesticide drops, and shorten 
the drying time (Lu et al. 2004).

Effect of different adjuvants on maximum retention 
of topramezone and atrazine

Plant leaves have a limited retention capacity for externally 
applied fluid. Excess fluids, such as topramezone and atra-
zine solutions, would not be retained. In the present study, 
when no adjuvants were added, the retention of the solution 
was 14.08 mg/cm2 in A. retroflexus L. leaves and 6.33 mg/
cm2 in D. sanguinalis (L.) Scop. leaves (Fig. 4). For A. ret-
roflexus L., the maximum retention of pesticides when ethyl 
and methylated vegetable oils, AgroSpred™ Prime, Atp Lus 
245-LQ-(TH), and Maisi adjuvants were present decreased 
to 9.35, 12.55, 10.09, and 11.13 mg/cm2, respectively. The 
reduction was greatest for ethyl and methylated vegetable 
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Fig. 3   Effect of different adjuvants on the drying time of topram-
ezone and atrazine

Fig. 4   Effects of different adju-
vants on the maximum retention 
of pesticide on leaves of A. 
retroflexus L. and D. sanguinalis 
(L.) Scop. Columns followed 
by different letters in the same 
group were significantly differ-
ent (p < 0.05)
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oils. The addition of the adjuvant reduces the retention of 
solution on the leaves, perhaps due to the addition of excess 
adjuvant, leading to a low surface tension that affects the 
maximum retention of solution on the leaves. Therefore, the 
amounts of different adjuvants should be controlled during 
use (Cui et al. 2021). For D. sanguinalis (L.) Scop., the 
maximum retention of pesticides when ethyl and methyl-
ated vegetable oils, AgroSpred™ Prime, Atp Lus 245-LQ-
(TH), and Maisi adjuvants were added decreased to 5.51, 
8.04, 7.38, and 6.91 mg/cm2, respectively. Through the sig-
nificant difference analysis of the 95% level, we found that 
all four of the adjuvants could not have a synergistic effect 
on the two herbicides at the maximum retention, and even 
reduced the maximum retention of herbicides in A. retro-
flexus L. leaves. Regarding the differences in the influence 
of different additives, Li et al. demonstrated differences in 
the optimal amounts of different types of additives (Li et al. 
2019). Within a certain range of each added compound, the 
maximum retention of liquid on the leaves increased as more 
compounds were added. Beyond this range, the maximum 
retention decreased with an increased addition of each com-
pound. This affected the efficacy of the herbicides.

Effect of different adjuvants on the permeability 
of topramezone and atrazine

The cutin membrane on plant surfaces, especially the leaf 
surface, affects the reduction of water in the plant body and 
the absorption of foliar fertilizer and pesticides by the plant 
(Li et al. 2017). The cutin membrane is primarily composed 
of waxy, cutin, and keratinized layers (Xiang et al. 2005). 
The waxy layer at the outermost layer of the cuticle forms a 
hydrophobic and low-energy surface, which is not conducive 
to the wetting and permeation of liquid on the plant surface 

(Schreiber 1995). This affects the absorption of foreign sub-
stances by plants and prevents the invasion of harmful sub-
stances from the environment. The main factors that affect 
the permeability of keratin membranes include temperature, 
humidity, individual differences, and adjuvant use. Herbi-
cides can enter plants through the leaf epidermis or stomata 
and, in most cases, diffuse through the cuticle.

When A. retroflexus L. was treated, there was almost 
no penetration of topramezone in the leaves of the con-
trol group without pesticide application (Fig. 5a). When 
AgroSpred™ Prime and Atp Lus 245-LQ-(TH) adjuvants 
were used, the permeabilities were increased to 22% and 
95%, respectively. The permeability of atrazine in the leaves 
of the control group was 59%. The addition of tank-mix 
adjuvants improved the permeability to different degrees. 
AgroSpred™ Prime had the greatest influence on perme-
ability (96%), followed by Atp Lus 245-LQ-(TH) adjuvant 
with a permeability of 90%. The findings suggest that when 
A. retroflexus L. is treated in a maize field, AgroSpred™ 
Prime or Atp Lus 245-LQ-(TH) adjuvant should be added to 
the 30% topramezone and 38% atrazine pesticide solutions.

When D. sanguinalis (L.) Scop. was treated, the perme-
ability of topramezone in the leaves of the control group 
was 41%. Treatment with AgroSpred™ Prime and Maisi 
adjuvant significantly improved the permeability to 78% and 
87%, respectively (Fig. 5b). The atrazine permeability of 
the control group was 64%. The Atp Lus 245-LQ-(TH) and 
Maisi adjuvants significantly improved permeability (74% 
and 86%, respectively). The findings indicate that when D. 
sanguinalis (L.) Scop. is treated in a maize field, Maisi adju-
vant should be added to 30% topramezone and 38% atrazine 
pesticide solutions.

Topramezone did not permeate the maize leaves treated 
with different adjuvants, whereas atrazine permeated to 

Fig. 5   Effects of different adjuvants on the permeability of solution in A. retroflexus L. leaves (a), D. sanguinalis (L.) Scop. leaves (b), and maize 
leaves (c). Columns followed by different letters in the same group were significantly different (p < 0.05)
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varying degrees (Fig. 5c). This may reflect the different 
physical and chemical properties of topramezone and atra-
zine. The octanol–water partition coefficient of topramezone 
of log P =  − 1.52 indicates that it would be difficult for this 
herbicide to pass through the stratum cuticle. It would be 
easily washed away by the water. This phenomenon can 
also be seen in Fig. 5a and b. When the same adjuvant was 
added to the solution, the permeability of topramezone in the 
leaves of A. retroflexus L. and D. sanguinalis (L.) Scop. was 
lower than that of atrazine. For atrazine, permeability in the 
control group was 51%. Both the Atp Lus 245-LQ-(TH) and 
Maisi adjuvants improved the permeability of the solution, 
with the permeability reaching 72% and 71%, respectively. 
The findings indicate that when a 38% solution of atrazine 
is used in maize fields, Atp Lus 245- LQ-(TH) and Maisi 
adjuvants can be included.

Effect of different adjuvants on the adsorption 
behavior of topramezone and atrazine in soil

In Fig. S9, it can be seen that the adsorption of pesticides in 
the soil is a dynamic equilibrium process. In this process, 
both herbicides showed a trend of fast adsorption first, fol-
lowed by a slow adsorption, and finally tended to be bal-
anced. They were quickly adsorbed within 0–1 h, and there 
was no significant difference in the adsorption capacity 
between 24 and 48 h; therefore, the two herbicides reached 
adsorption equilibrium within 24 h.

A statistical histogram of the data for the adsorption resi-
dues of topramezone with tank-mix adjuvants and topram-
ezone without adjuvants in the soil is shown in Fig. 6. When 
topramezone was mixed with the ethyl and methyl vegetable 
oils, it was not adsorbed by the soil and decreased signifi-
cantly compared to topramezone alone. When topramezone 
was individually mixed with AgroSpred™ Prime, Atp Lus 

245-LQ-(TH), and Maisi adjuvants, there was no obvious 
trend in the adsorption improvement of topramezone in soil, 
with significant differences in the adsorption capacity of the 
same adjuvant at different concentrations of topramezone. 
Generally, the adjuvants used in this study reduced the soil 
adsorption capacity of pesticides, thereby improving the uti-
lization of pesticides by microorganisms and accelerating 
the dissipation of pesticides. A statistical histogram of the 
data for the adsorption residues of atrazine with and without 
tank-mix adjuvants in the soil is shown in Fig. 7. When atra-
zine was used with additives, the direct difference between 
the treatment and control groups was not significant. The 
tank-mix adjuvants had no significant adsorption effects on 
atrazine.

In summary, only ethyl and methylated vegetable oils 
significantly reduced the adsorption of topramezone in soil. 
There was a significant difference in the adsorption effects 
of the two herbicides on soil using the tank-mix adjuvants. 
These differences may have been affected by the nature of 
the herbicides themselves. Huggenberger et al. demonstrated 
that two nonionic surfactants can reduce the adsorption 
of lindane and diuron, but do not affect the adsorption of 
atrazine (Huggenberger et al. 1973). The concentration of 
adjuvants may also affect the fluidity of pesticides (Sanchez-
Camazano et al. 1995). The present study used the recom-
mended dosages of adjuvants.

Effects of different adjuvants on the dissipation 
of topramezone and atrazine in soil

The dissipation kinetic parameters of topramezone and atra-
zine are listed in Supplementary Table S4. When topram-
ezone was used alone, its half-life in soil was 51.3 days. The 
half-life in the presence of ethyl and methylated vegetable 
oils, AgroSpred™* Prime, Atp Lus 245-LQ-(TH), and Maisi 

Fig. 6   The adsorption residue of 
topramezone in soil. Columns 
followed by different letters in 
the same group were signifi-
cantly different (p < 0.05)
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adjuvant was 40.8, 45.0, 47.2, and 48.5 days, respectively, 
representing a respective improvement in the dissipation rate 
of 20.5, 12.3, 8.0, and 5.5%. Many studies have confirmed 
that additives promote the dissipation of pesticides in soil. 
For example, Jing et al. reported that barrel-mixed meth-
ylated vegetable oil adjuvant can improve the dissipation 
of chlorantraniliprole and difenoconazole in soil (Jing et al. 
2023).

When atrazine was used alone, its half-life in soil was 
8.5 days. The half-life in the presence of ethyl and methyl-
ated vegetable oils, AgroSpred™ Prime, Atp Lus 245-LQ-
(TH), and Maisi adjuvant was 8.5, 8.1, 8.1, and 8.5 days, 
respectively. Thus, the addition of adjuvants had little effect 
on the dissipation of atrazine in the soil. The dissipation of 
pesticides in soil is affected by many factors. The properties 
of pesticides themselves may have a more significant impact. 
For example, Swarcewicz et al. demonstrated no difference 
between 0.25 and 0.75% in the dissipation effect of atrazine 
in sandy loam and muddy soil by Atpolan 80 EC treatment 
(Swarcewicz et al. 2007). In this study, atrazine had a short 
half-life. Other recent studies have also found that atrazine 
has a short half-life. For example, Souza et al. described the 
half-life of atrazine as 4–11 days in mineralized soil (Souza 
et al. 2022). Zhang et al. reported an atrazine half-life of 
9.9 days in phaeozem (Zhang et al. 2020). Finally, other 
authors reported an atrazine half-life of 6.5–12.9 days in soil 
from Shandong, China (Fang L. et al. 2012). Currently, there 
are six metabolites of atrazine (Wang et al. 2022). These 
include desethylatrazine (DEA), desisopropylatrazine (DIA), 
diaminochlorotriazine (DEDIA), hydroxyatrazine (HA), 

deethylhydroxyatrazine (DEHA), and deisopropylhydroxy-
latrazine (DIHA). These metabolites were detected during 
the experiments. Three metabolites, DEA, DIA, and HA, 
were detected. However, their concentrations were low, indi-
cating that they contained this species, and their practical 
significance was not significant.

Conclusions

In this study, a method was established in order to detect 
topramezone and atrazine residues in the maize leaves of 
D. sanguinalis (L.) Scop. and A. retroflexus L and soil. 
The recovery rate and linear relationship of this method 
met the requirements for residue detection. The reduction 
effects of four additives (ethyl and methylated vegetable oil, 
AgroSpred* Prime, Atp Lus 245-LQ-(TH), and Mais) added 
to 30% topramezone and 38% atrazine solutions were also 
studied. The effects of different adjuvants on the surface 
tension, contact angle, drying time, maximum retention, 
and permeability of the liquid are discussed. Furthermore, 
the adsorption and dissipation behaviors of these herbicides 
in the soil were studied. AgroSpred™ Prime adjuvant sig-
nificantly reduced the surface tension of the solutions and 
improved the permeability of the solutions on the surfaces 
of A. retroflexus L. leaves. Atp Lus 245-LQ-(TH) adjuvant 
reduced the contact angle between the herbicide solutions 
and the interface and improved both the wettability and per-
meability of the solutions on the surfaces of A. retroflexus 
L. leaves. The application of Maisi adjuvant increased the 

Fig. 7   The adsorption residue 
of atrazine in soil. Columns fol-
lowed by different letters in the 
same group were significantly 
different (p < 0.05)
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permeability of the two herbicide solutions on the surfaces 
of D. sanguinalis (L.) Scop. leaves. However, when using 
Atp Lus 245-LQ-(TH) and Maisi adjuvants, it is necessary to 
avoid applying the solution to the maize plant; otherwise, it 
will increase the permeability of the liquid on the maize leaf 
surface. In terms of environmental behavior, the addition of 
ethyl and methylated vegetable oils reduced the adsorption 
of topramezone by the soil and accelerated its dissipation.

The collective findings support the use of AgroSpred™ 
Prime and Atp Lus 245-LQ-(TH) adjuvants for the control 
of A. retroflexus L. in maize fields. Maisi adjuvant is recom-
mended for the control of D. sanguinalis (L.) Scop. in maize 
fields. Ethyl and methylated vegetable oils can improve 
the environmental behavior of topramezone in soil. This 
research can help in the field of herbicides and tank-mix 
adjuvant use.
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