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Abstract

Droplet size is a key factor in minimizing spray drift. Different types of adjuvants and
sprayer operating pressures can affect the droplet size distribution in various ways. This
study aimed to evaluate the effects of commercial adjuvants, namely, acids and surfactant
(AS), silicone surfactant (SS), organosilicone surfactant (OS), mineral oil (MO and MO,),
and copolymer (CP) adjuvants, on the droplet spectra and physicochemical properties of
aqueous solutions. Hydrogen potential (pH), volumetric mass (V M), electrical conductivity
(EC), surface tension (ST), contact angle (CA), and droplet spectra were measured. The
droplet spectrum variables, including volumetric diameters (D01, D5, and Dyg9), the
Relative Span Factor (RSF), and percentages of the total volume of droplets with a diameter
smaller than 100 um (V100) and larger than 500 pm (V500), were determined using a laser
diffraction particle analyzer (Malvern Spraytec). Spraying tests were carried out using
the AXI 11003 flat fan nozzle at pressures of (0.1, 0.2, 0.3, 0.4, and 0.5) MPa. The increase
in pressure increased the V100 and the RSF, with greater sensitivity observed for SS.
Adjuvants such as AS, MO, and OS showed a more balanced trend, with a smaller increase
in fine droplets and a greater reduction in coarse droplets. The principal component analysis
(PCA) revealed that the droplet spectrum variables were the ones that best explained the
variation among the solutions. A negative correlation was identified between EC and other
physicochemical properties, such as pH, ST, and CA. Therefore, these properties alone
did not determine the atomization pattern. The study demonstrates that optimizing spray
quality and minimizing drift require a combined consideration of adjuvant physicochemical
properties and their interaction with operational pressure.

Keywords: atomization; droplet size; mineral oil; surface tension; surfactants

1. Introduction

Spray drift from plant protection product (PPP) applications is one of the main sources
of environmental contamination, with implications for ecosystem, human health, and
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agricultural sustainability [1]. The phenomenon of spray drift often results in off-target
deposition, reduced PPP efficacy, and contamination of neighbouring areas, including
water sources and untreated crops. To mitigate these losses, farmers often increase spray
volumes, with the expectation that a higher number of droplets will increase the chance of
reaching the target. Given these challenges, there is a need to adopt strategies that reconcile
efficiency with reduced environmental impacts [2].

In the context of more sustainable agricultural practices, a growing trend is to apply
reduced spray volumes, aiming to minimize environmental impacts without compromis-
ing application efficiency [3]. Nevertheless, even with low-volume applications, efficacy
depends on adequate droplet deposition, retention, and absorption on plant surfaces [4].

Spray pressure is a key parameter influencing droplet characteristics, as it directly
affects droplet size, velocity, and distribution pattern [5]. In general, working pressure
regulates the atomization process, impacting the kinetic energy of droplets and their
interaction with environmental factors such as wind speed, humidity, and temperature.
Droplets released by pressurized systems reach a stable speed after traveling a short
distance, determined by the sprayer configuration, environmental conditions, and the
physicochemical properties of the spray solution. These properties can be modified by
adding adjuvants [6].

In this context, a strategic drift containment strategy relies on using agricultural adju-
vants to alter spray solution characteristics, including surface tension, droplet deformation
capacity, and spreading behavior, thereby optimizing the spraying process [7,8]. However,
their performance is not universal, as each type of adjuvant may have an ideal operating
range that varies according to its physicochemical properties and atomization pressure [3,9].
Previous studies have indicated that increasing pressure generally reduces the volumetric
median diameter (VMD or D, 5) and increases the proportion of fine droplets, while at the
same time it can increase the variability in droplet size [10,11].

The interaction between operating pressure and adjuvant type determines the resulting
spray pattern, making it essential to adjust both parameters according to the application
objective. Thus, inadequate combinations of working pressure and adjuvant type can
compromise the effectiveness and efficiency of an application and increase environmental
risks [11]. Makhnenko et al. (2024) [12], for example, observed that the addition of
surfactants promoted a reduction in droplet size, while oils resulted in larger droplets,
which highlights the differentiated impact of each adjuvant on droplet formation under
different operating conditions. Furthermore, for Sijs et al. (2020) [13], when spraying
different surfactant-based solutions containing commercial adjuvants, the breakdown of
the different liquids behaves in the same way as in sprays with water alone, but the droplet
sizes are smaller.

Different adjuvants respond differently to pressure variations, making it possible to
identify optimal pressure—adjuvant combinations that maximize application effectiveness
while minimizing the risk of drift.

Understanding the interaction between spray pressure and the physicochemical prop-
erties of different adjuvants is essential to achieve efficient PPP application. Despite
technological advances, there are still challenges in understanding how pressure variation
affects droplet dynamics in the presence of different adjuvants. This lack of knowledge can
lead to inappropriate technical decisions, reducing the efficiency of agricultural pesticide
use and increasing the possibility of drift and runoff.

While the independent effects of operating pressure and adjuvant addition on spray
quality are well-documented, few studies have explored the synergistic dynamics be-
tween distinct commercial formulations and a broad spectrum of working pressures.
Field investigations often fail to establish a clear relationship between physicochemi-
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cal properties and droplet size variables (e.g., volumetric diameters) and often lack a
multivariate approach to integrate these variables to explain the variation among treat-
ments. The current literature often deals with adjuvants as a uniform category, whereas
this study considers different chemical classes. Thus, this study extends previous re-
search by moving beyond simple droplet size characterization while employing the
PCA approach to study the multidimensional variability in the physicochemical proper-
ties of different solutions and their relationships to the droplet spectrum variables. By
these means, this research addresses a useful gap regarding the technical selection of
adjuvant—pressure combinations.

The primary objective of this study was to quantitatively evaluate the influence of
operating pressure on the droplet size spectra produced by different spray solutions
containing various agricultural adjuvants. Specifically, the study aimed to analyze how
pressure affects the main droplet size parameters, including volumetric diameters (D0 1,
D405, and Dy9), the Relative Span Factor (RSF), and the volume fractions of fine and
coarse droplets (V100 and V500). In addition, the study addressed the relationships
between the physicochemical properties of the studied spray mixtures and the resulting
droplet characteristics to identify the optimal pressure-adjuvant combinations that may
optimize spray performance during PPP application in terms of drift mitigation and
target coverage.

2. Materials and Methods
2.1. Experimental Design

The experiments were carried out in a completely randomized design (CRD), eval-
uating the physicochemical properties of six aqueous solutions containing commercial
adjuvants belonging to the classes of polymers, surfactants, and mineral oil (Table 1).

Table 1. Description (composition, formulation type, and dose) of the solutions and the adju-
vants studied.

Adjuvants Composition Formulation Type Dose, % V' V-1
CP Polyether Polymethyl Siloxane Copolymer (100%) CS 0.10
AS Hydrox.ycarl.)oxylic Acid, Manganese Sulphat.e{ cs 0.05
Phosphoric Acid, Polyol, Surfactant, and Emulsifier
SS Surfactant, Silicone CS 0.20
oS Organosilicone Surfactant (Polidimethyl Siloxane) CS 0.04
MO Mineral Oil 920 g L~! CE 1.00
MO, Mineral Oil 782 g L~} CE 1.00

CS: Concentrated suspension; CE: Concentrated emulsion.

All solutions were prepared with distilled water and adjuvants, considering the
maximum concentrations indicated by the manufacturers. The preparation was carried
out in 0.6 L beakers, with homogenization in a magnetic stirrer model 550 W (RC
LABOR., Campinas, Sao Paulo, Brazil) at 650 rpm for 5 min, ensuring adequate mixing
of the components. After the stirring was finished, each solution was divided into
three 0.20 L aliquots, transferred to 0.25 L beakers, corresponding to the repetitions of
the experiment.

The solutions were also tested in a full factorial scheme with five working pressures of
0.1,0.2,0.3, 0.4, and 0.5 MPa using the AXI 11003 (Jacto., Sao Paulo, Brazil) nozzle. Although
the pressure 0.1 MPa and 0.5 MPa fell outside that recommended by the manufacturer’s
specification (around 0.15 MPa to 0.4 MPa), this range is commonly employed in Brazilian
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agriculture. While this represents a deviation from technical specifications, it is a well-

established practice in the field, thereby justifying its inclusion in this study. From an

experimental standpoint, as this constitutes a quantitative factor, it was important to ensure

a sufficient number of pressure levels to allow for a robust analysis. Five replicates were

performed at each pressure, and the corresponding droplet spectra were evaluated.
Water was used as a control treatment for all evaluated variables.

2.2. Physicochemical Property Assessment

The electrical conductivity (EC) and hydrogen potential (pH) of the solutions were
determined using a benchtop conductivity meter model mCA150 (MS Tecnopon Instru-
mentacao, Piracicaba, Sao Paulo, Brazil) and a portable K39 pH meter (KASVI.,, Sao Jose
dos Pinhais, Parand, Brazil), respectively. The conductivity meter had an accuracy of
+0.1 uS ecm~! and a measurement range of (0-20,000) uS cm ™!, while the pH meter had a
range of 0-14. The equipment was previously calibrated according to the manufacturers’
recommendations. Subsequently, the electrodes of the pH and EC meter were inserted
separately into the beakers containing the solution. The readings were taken after the
equipment had stabilized. After each measurement, the electrodes were washed with
distilled water and dried with paper towels, as described by Polli et al. (2021) [14].

The volumetric mass (V M) of the solutions was determined according to ABNT NBR
13826 standard [15], using a 25 mL pycnometer and an analytical balance with a precision
of 0.1 mg under a controlled temperature of (20 £ 0.5) °C, according to Equation (1):

mp —m

VM =
V 7

1)

where m; represents the mass of the pycnometer after the addition of the solution, m
represents the mass of the pycnometer without solution, and V represents the volume of
the pycnometer. The temperature of the samples was monitored by means of a type K
thermocouple connected to a digital monitor TD890 (Icel Instrumentos e Componentes
Eletronicos Ltda., Sao Paulo, Brazil), ensuring measurement accuracy. Three repetitions
were considered to evaluate the variables pH, EC, and VM.

The surface tension (ST) and contact angles (CAs) of the solutions were measured
using a DSA30 drop shape analyzer (KRUSS GmbH., Hamburg, Germany) (Figure 1),
employing the hanging drop and sessile drop methods, respectively (Figure 1a,b), as
described by Milanowski et al. (2022) [16]. The dynamic ST measurements were taken at
2 milliseconds. Samples were collected using a 10 puL syringe equipped with a needle. For
ST determination, the aspired droplet was maintained in a suspended state and analyzed
based on the forces acting on the hanging liquid, with calculations adjusted to the Laplace—
Young equation [17]. The CA measurements were obtained by depositing droplets on
a standard plastic film surface, and the measurement was performed by means of the
optical projection captured by the equipment. Using a standardized plastic surface for CA
measurements was intended to ensure reproducible conditions and standardization when
comparing the wetting behavior of the different spray mixtures. Nevertheless, it should be
acknowledged that leaf morphology and heterogeneity exhibit distinct microstructures and
chemical compositions (e.g., wax layers) that may affect droplet spreading and retention.
Six repetitions per treatment were considered.
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Figure 1. Droplet shape analyzer (DSA30). The main elements of the tool are: (1) illumination,
(2) the dosing unit, (3) the syringe, (4) the lifting table (z-axis), (5) the x-axis, and (6) the lens; (a) and
(b) represent the surface tension and the contact angle, respectively.

2.3. Droplet Spectrum Measurement

To determine the volumetric diameters (Dyo1, Dyo5, and Dypg), the Relative Span
Factor (RSF), and the percentages of spray volume carried by droplets smaller than 100 pm
(V100) and larger than 500 pm (V500), a laser diffraction particle analyzer (Spraytec Malvern
Instruments Ltd., Worcestershire, UK) was used. The equipment comprises two lenses
with a diameter of 750 mm and is capable of detecting droplets in the size range from
2 um to 2000 um. The laser components are shown in Figure 2, according to Privitera et al.
(2024) [18]. Before starting the actual measurements, the Spraytec software (v4.0, 2020) was
used to perform background adjustment and align the laser beam with the center of the
detectors to subtract light interference from the lenses and ensure consistent light intensity
across all tests. Additionally, to guarantee that the optical path remained clean and free from
interference by unwanted droplets, the lenses were cleaned between each measurement.
A waiting period of 5 to 10 min was observed before the subsequent measurement.

Spraying tests were carried out using an AXI 110 03 flat fan nozzle (Jacto., Pompeia,
Sao Paulo, Brazil) equipped with an anti-drip device. The nozzle was positioned at the
center of the lenses, at a height of 0.30 m [19], such that the spray jet was perpendicular to
the lenses. The solutions were pressurized by means of a hydraulic piston pump equipped
with a pressure gauge. The use of the anti-drip system was necessary to avoid the release
of unwanted droplets during application, which could have interfered with the accuracy of
the measurements during the tests.

Readings were taken for 5 s at an acquisition frequency of 2500 Hz. After the readings,
the values of the variables were obtained via the Spraytec software (v4.0, 2020). The RSF
calculated by the laser diffraction equipment was based on Equation (2):

Dyo.9 — Dyoa

RSF = @)

Dyo5

The nozzle was evaluated under the five operating pressures of 0.1, 0.2, 0.3, 0.4, and

0.5 MPa, with five repetitions per pressure and solution combination (adjuvant + water),
considering the application with only water as the control treatment. These replicates
were performed sequentially with the same solution. According to Yang et al. (2022) [17],
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this pressure range could satisfy the requirements for spraying pesticides in plant protec-
tion operations.

‘ Pz, W T v

et e s i, i ‘_A“:‘ Lt ‘J\.Hm\g;u,wm,,

i LA . I o - R Vo
e o fm——\ e

L. L i S SQ“___”.‘lu m‘m‘m.“\‘\T;imm‘m. ‘IIMIliulihhhium!i]’luu,u'|j“”iu‘“m]m’|mmim 1”[11

3 \ £ T

Figure 2. Overview of the laser diffraction particle analyzer (Spraytec). The main parts of the instrument
are: (1) the pressure gauge, (2) the laser beam emitter unit, (3) the laser beam receiver unit, (4) the lens,
and (5) the nozzle.

2.4. Statistical Analysis

Data on the physicochemical properties were analyzed by applying analysis of vari-
ance (ANOVA), followed by Tukey’s multiple comparison test at the 5% significance level,
to identify significant differences among means. ANOVA was also used to evaluate the
effects of the different working pressures and solutions on the droplet distribution parame-
ters. When the interaction between the factors was significant, it was broken down for a
more detailed analysis of the effect of the factors.

Prior to conducting the ANOVA, the underlying assumptions were evaluated: nor-
mality of residuals was assessed via the Shapiro-Wilk test, the homogeneity of variances
through Levene’s test, and the independence of errors using the Durbin-Watson test. Al-
though minor violations were observed, the parametric analysis was retained. This decision
was supported by the established robustness of the F-test against moderate distributional
departures, particularly in balanced experimental designs, which ensures the preservation
of Type I error rates and statistical power.

To better understand the distribution of droplet size, the droplet spectrum density
curves were computed for each combination of adjuvant and working pressure, based on
the fitting of the measured data to the log-normal distribution, as described by Lefebvre and
McDonell (2017) [20]. This model was selected due to its proven efficacy in characterizing
the right-skewed nature of the spray distributions and its frequent application to describe
the fragmentation of liquid sheets. While alternative models (e.g., Rosin-Rammler distribu-
tion) were considered, the log-normal model provided a more consistent fit across the wide
range of adjuvants and pressures tested. Based on the Akaike Information Criterion (AIC)
and the Bayesian Information Criterion (BIC), the log-normal model exhibited the best fit.
To express the distribution in percentage terms, the values were normalized so that the
sum of all densities along the considered intervals equaled 100%. This procedure ensured
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that the results could be interpreted as percentage fractions of the droplet population in
each diameter range (Equation (3)).

PDF(D;), % = Zf}?é)l) x 100. 3)
The goodness-of-fit performance was quantified using the fitness metrics RMSE (root
mean square error, pm) (Equation (4)), MAE (mean absolute error, um) (Equation (5)),
and PBIAS (percent bias, %) (Equation (6)), along with the normalized error (NRMSE)
(Equation (7)). The NRMSE was calculated by normalizing the RMSE by the standard
deviation of the observed values (sdy, ), enabling relative comparisons across treatments
with different magnitudes and variability. In Equations (4)—~(7), y,; and y,; denote the
predicted and observed values, respectively. These metrics were calculated considering
the set of percentiles Dy 1, Dy5, and Dyp 9 for each experimental condition, allowing for
simultaneous assessment of error magnitude, overestimation or underestimation trends,
and the relative accuracy of the model as a function of pressure and adjuvant type.

RMSE = \/711 Z(ypi *yoi)z (4)
i=1

1 n
MAE = > |Ypi = Yol 6)
i=1
n L )
PBIAS = 1oow o
i=1Yoi
RMSE
NRMSE = 100%MS o
sdy,

In addition, the effect of pressure on volumetric diameters (D01, Dyo5, and Dyg ), RSF,
V100 and V500 was described for each adjuvant solution based on linear (Equation (8)) and
quadratic models (Equation (9)). The regression models were chosen based on: (i) the coeffi-
cient of determination (R?) to assess the model’s goodness of fit; (ii) the non-significance of
regression deviations, ensuring that the model errors were not significant; and (iii) the sta-
tistical significance of the model parameters, assessed using the t-test at the 5% significance
level. For the second-order models, the minimum or maximum points were calculated.

y=bo+bip 8)

y = by + b1p + bop? )

For the V100 and V500 variables, the coefficient of variation (CV) was calculated as
the ratio between the square root of the residual mean square and the mean of all observed
data for each variable.

Finally, principal component analysis (PCA) was applied to explore the multidimen-
sional variability of the physicochemical properties of the solutions and their relationships to
the droplet spectrum variables. The PCA was performed on the correlation matrix, following
z-score standardization of the variables to eliminate the influence of different measurement
scales. The number of components retained for interpretation was determined based on
the explained variance and the analysis of the eigenvalue plot (scatter plot or scree plot).
The components that collectively explained the largest proportion of the total data variance
were considered for interpretation [21]. All statistical procedures were performed using R
software (version 4.2.3-2023).
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3. Results and Discussion
3.1. Physicochemical Properties of the Applied Solutions

The different adjuvants significantly (p < 0.0001) altered the physicochemical properties
of the solutions, resulting in variations in pH, EC, ST, and CA. Only VM did not differ
statistically among treatments (p = 0.447) (Table 2).

Table 2. Comparison of the physicochemical properties of the solutions with different adjuvants.
Values are reported as the mean =+ standard error of the mean (SEM).

Solutions H Electrical Conductivity = Volumetric Mass Surface Tension = Contact Angle
p (uS cm—1) (kg m—3) (mN m-1) )
Water 7.12a + 0.02 444e £0.14 996.77a + 0.38 7349a + 042 81.25a + 0.87
CP 5.73bc + 0.19 1.47f +0.01 991.00a + 0.35 25.93e +0.24 28.03e + 1.88
AS 2.17d £+ 0.03 668.73a £ 0.60 996.40a + 0.83 54.87b £ 0.54 63.01b £ 0.54
SS 5.97bc + 0.09 64.75¢ £ 0.03 1057.33a £ 76.30 34.48c £ 0.10 48.71c £ 3.75
(O] 7.20a £+ 0.06 93.60b £ 0.00 1045.07a £ 5.42 27.93d + 0.25 36.17d + 0.74
MO 6.30b £+ 0.27 3.51e + 0.87 985.33a + 0.58 28.85d £ 0.66 51.27¢ +1.18
MO, 5.60c £ 0.10 18.03d + 0.04 991.93a + 1.09 35.04c £+ 0.39 47.54c +0.20
Fcal 157.94 *** 1,062,623 *** 1.029 s 2044.3 *** 157.95 ***
SW 0.20 0.0005 0.000002 0.25 0.00024
L 0.45 0.16 0.018 0.045 0.028
DW 0.98 0.46 0.21 0.08 0.022

Means followed by the same group of letters do not differ statistically at the 5% level by Tukey’s test. Fcal: calcu-
lated F statistics; ***: significant at 0.001 level; ns: not significant at 0.05 level. Statistics from the Shapiro-Wilk (SW)
test, Levene’s (L) test, and the Durbin—Watson (DW) test. Values in bold indicate residuals that follow a normal
distribution and exhibit homogeneity of variances and independence of errors (p > 0.05). Abbreviations: AS: acids
and surfactant; MO and MO;: mineral oil; SS: silicone surfactant; OS: organosilicon surfactant; CP: copolymer.

The water and the OS solution presented a neutral pH, which is ideal for the sta-
bility of most agricultural pesticides. In contrast, the AS solution showed an extremely
acidic pH (2.17), which may compromise the efficacy of active ingredients sensitive to
acidic conditions. The remaining solutions presented pH values ranging from 5.60 to
6.30, corresponding to slightly to moderately acidic conditions. While this range may be
advantageous for certain systemic herbicides, careful attention should be paid to tank-mix
compatibility and product stability.

According to Fishel and Ferrell (2007) [22], most agricultural pesticides are more stable
in solutions with pH values between 4 and 7, with an optimal range of 5.5 to 6.5 for the
majority of products. Despite this ideal range, it is essential to consider the physicochemical
compatibility of the mixtures and the order in which the products are added to the tank,
since small variations in pH can influence the agronomic performance of the application.
Although some herbicides, such as glyphosate and glufosinate, are more effective in slightly
acidic solutions, a low pH can compromise the stability of certain active ingredients and
increase the risk of spray precipitation [23]. In addition, pH can affect the mobility of
herbicides in the soil [24]. Thus, the impact of adjuvants on physicochemical properties is
influenced by the type of product being applied, limiting the applicability of generalized
recommendations [9].

Acidic solutions with a pH < 4 can cause rapid corrosion of metal components in
spraying equipment. Excessive acidification of a solution can be harmful, especially for
products that already have a low pH in their formulation. These results reinforce the need
to monitor the pH of solutions before their application. This can help farmers and users in
the correct addition of products to tank mixes, improving the efficiency of application of
agricultural pesticides and influencing the half-life of these products [6,25].
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The EC varied among treatments, reflecting different proportions of the presence of
dissolved salts or ions in each of the solutions tested. Products with different compositions
and ionization had different EC values. Among the evaluated solutions, AS presented a
high concentration of ions (668.73 uS cm~!), which could influence the ST by affecting the
organization and efficiency of surfactant molecules at the liquid—air interface. Variations
in EC can indirectly modify the ST and affect the final droplet size distribution. The EC
can influence synergistic or antagonistic reactions of adjuvants with agricultural pesticides,
which can affect the foliar absorption of the active ingredient and thus reduce the biological
efficiency of the treatment [26]. On the other hand, solutions such as CP and OM presented
conductivity values lower than 5 uS cm~!, which may indicate a lower risk of phytotoxicity,
favored by the greater chemical stability of the solution, but also lower penetration effi-
ciency, which requires greater attention to the products to be mixed. According to Cortes
et al. [27], products with low EC minimize osmotic effects without significantly interfering
with the ionic dynamics of plant cells, which reduces the risk of plant phytotoxicity.

The VM of the solutions varied between 985.33 kg m 2 and 1057.33 kg m 3. Although
the SS solution presented the highest value among the treatments, no statistically significant
differences were observed among the solutions. This result indicates that the addition of the
evaluated adjuvants did not substantially modify the VM of the spray mixtures under the
tested conditions. From a practical perspective, the similarity of the VM values suggests
that differences observed in the droplet size spectra are more likely associated with other
physicochemical characteristics (e.g., surface tension) rather than changes in liquid density.

ST was reduced in all solutions containing adjuvants with respect to water
(73.49 mN m™!), evidencing the surfactant effect of the adjuvants. In particular, CP
(25.93 mN m~1) and OS (27.93 mN m~1) presented the lowest ST values, facilitating the
formation of smaller droplets by lowering the energy required for liquid surface breakup.
This reduction is also reflected in lower CA values, which is crucial for greater spreading
of spray droplets on plant surfaces in order to enhance foliar deposition, especially when
applying contact pesticides [6]. Understanding this combined action is essential when
selecting adjuvants, as modifications to these properties can influence the atomization
dynamics and droplet retention.

The observed differences among the adjuvants indicate that their different perfor-
mances may vary when combined with distinct pesticide formulations. Therefore, un-
derstanding the specific impact of each adjuvant is essential [4,28]. Furthermore, the
type of surfactant added to the adjuvant formulation influences the reduction in ST, with
organic surfactants being more effective compared to synthetic ones [29]. In addition,
adjuvants of organic origin are more easily degraded, thus contributing to the reduction in
environmental contamination [30].

The control treatment with only water exhibited the highest CA value (81.25°), in-
dicating low wettability. In contrast, the CP and OS solutions significantly reduced this
parameter, with angles lower than 50°, which promoted greater droplet adhesion to the leaf
surface and better deposition (wetting), especially on leaves with epicuticular waxes [8].
Despite reductions in CA, the number of leaf stomata can influence the product absorption,
as plants with different stomata can have different dynamics when treated with the same
adjuvant [4]. The greater droplet adhesion induced by adjuvants can reduce the droplet
rebound from plant surfaces [28]. Although OS and MO showed statistically similar ST val-
ues, they produced different reductions in CA, indicating that OS more effectively improves
droplet wetting and spreading on leaf surfaces [31]. Considering the reduction in CA, OS
adjuvants can act as efficient penetrating agents, in addition to being important allies in
the application of herbicides that need to be translocated to the roots [28,32]. Furthermore,
based on the results for ST and CA (Table 2), it can be said that MOs contribute more to
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retention than to spreading and can facilitate the rupture of the wax layer of plants, in
addition to improving wetting [33,34]. This correlation, however, depends on the affinity
between the applied solution and the leaf [34,35]. Thus, different types of adjuvants can
have different degrees of CA [33].

3.2. Droplet Spectrum
3.2.1. Effect of Adjuvants on Volumetric Diameters

The ANOVA of the volumetric diameters (D1, Dy 5, and Dy ) indicated significant
effects of the interaction between the working pressure and the applied solutions. In
general, increasing pressure resulted in a reduction in droplet diameters across all solutions,
as expected due to the greater shear forces generated at the nozzle orifices under higher
operating pressures (Table 3).

Table 3. Effect of solutions on volumetric diameters and RSF at each pressure.

Diameters  Pressure Solutions

(um) (MPa) Water CP AS SS OS MO MO,
0.1 98.52d 102.26d 173.88a 102.60d 138.86¢ 112.18d 156.12b
0.2 74.97d 78.20d 127.3b 77.71d 106.7¢ 88.25d 142.58a

Dyo1 0.3 67.30b 68.54b 105.28a 66.98b 95.18a 74.28b 99.14a
0.4 60.89b 64.91b 93.20a 63.90b 85.05a 69.93b 90.49a
0.5 58.24¢ 61.79¢ 85.60a 60.87¢ 77.81ab 64.85bc 84.46a
0.1 256.28bc 253.72¢ 365.24a 251.15¢ 331.70a 286.42b 336.10a
0.2 192.92¢ 183.10e 286.38b 196.24e 258.90bc 227.7cd 326.36a

Dyos 0.3 172.96b 171.04b 255.76a 181.38b 233.22a 198.94b 242.12a
0.4 164.30c 176.22¢ 239.92a 171.6¢ 216.02ab 192.6bc 231.10a
0.5 164.76d 177.14cd 224 .48a 167.60d 205.76ab 186.8bc 220.92ab
0.1 496.56¢ 476.56¢ 660.06a 484.96¢ 619.0ab 540.34bc 606.28ab
0.2 418.16cd 407.26d 527.94b 439.74cd 488.36bc 460.08bc 618.76a

Dyo9 0.3 389.44b 391.74b 474.92a 432.4ab 442 86ab 421.08ab 451.48ab
0.4 374.42a 395.84a 451.38a 412.84a 417.48a 413.84a 434.84a
0.5 377.08a 390.22a 426.28a 409.62a 401.60a 401.08a 422 96a
0.1 1.57ab 1.59a 1.33d 1.52ab 1.44c 1.49bc 1.33d
0.2 1.80a 1.80a 1.39¢ 1.84b 1.47¢ 1.63b 1.42¢

RSF 0.3 1.86b 1.49d 1.44d 2.01a 1.49d 1.74c 1.45d
0.4 1.91b 1.88b 1.49d 2.06a 1.53d 1.78¢ 1.49d
0.5 1.93b 1.89b 1.51d 2.08a 1.57d 1.80c 1.53d

Means of different solutions at the same working pressure followed by the same group of letters do not differ
statistically from each other at the 5% level by Tukey’s test. Abbreviations: AS: acids and surfactant; MO and
MO;: mineral oil; SS: silicone surfactant; OS: organosilicon surfactant; CP: copolymer.

For Dy 1, the solutions containing the adjuvants AS, MO;, and OS showed higher
values than the other solutions (MO, SS and CP), especially at pressures of 0.1 MPa and
0.2 MPa. This result indicates that these formulations had a higher proportion of fine
droplets. From 0.3 MPa upward, differences among solutions reduced, although AS
continued to maintain the highest D, ; values.

Regarding the volumetric median diameter (VMD), AS, MO, and OS solutions pre-
sented the highest values at all pressure levels. This trend suggests that these formulations
favor the generation of a droplet spectrum with a predominance of medium to coarse
droplets, which is desirable for PPP applications targeting lower foliar deposition or con-
ditions associated with an increased risk of evaporation and spray drift. According to Li
et al. (2021) [36], oils alter the position of the liquid sheet rupture. Unlike surfactants, oils
promote rupture closer to the nozzle exit, where the layer is thicker, thus resulting in a
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higher VMD. It is worth noting that this result may not be universal for all types of oil, as
shown in the results of this research for MO, and MO.

For Dy, the effects of the solutions were more pronounced at pressures of 0.1 MPa
and 0.2 MPa. At these levels, AS and MO, presented the highest values. However, from
0.3 MPa upward, the differences among solutions were no longer statistically significant,
indicating that the effect of the working pressure overrode the effect of the formulations
on Dyp9. The convergence of D9 values from 0.3 MPa demonstrates that the effect of
working pressure on this variable outweighs that of the adjuvants, indicating that control
depends more on the operational parameter than on the formulation.

The droplet size produced by a given nozzle may be related to the viscoelastic prop-
erties of the spray and deformation [37]. Solutions with greater viscoelasticity are more
resistant to rupture, forming larger droplets, while those with lower viscoelasticity break
more easily, generating a greater proportion of fine droplets [7]. Considering this, it can be
said that oils have different viscoelasticity and deformation capacities, and this interferes
with the formation of droplets.

These factors interact with the working pressure; as the pressure increases, the liquid
velocity at the nozzle orifice also increases, causing the atomization to enter the wind-
induced regime, in which the ambient air contributes significantly to the destabilization and
rupture of the jet. In this regime, even more viscoelastic solutions can form smaller droplets
due to the greater aerodynamic influence [17]. In this scenario, SS and CP solutions had
lower VMD values, indicating finer droplets, potentially more suitable for applications that
require greater leaf coverage. In polymeric adjuvants, agitation of the mixture influences
their degradation, and this can affect the droplet spectrum [36].

According to Yang et al. (2022) [17], when the resistance of the spray molecules to
breakup is low, the droplet size tends to present greater instability in the flow direction,
which affects the Rayleigh regime that generates the main impact; thus, the ambient gas
has little effect on the breakage of the liquid, resulting in larger drops. This dynamic
may be more pronounced in formulations with higher VMD values, suggesting that they
maintained physical characteristics that prolonged the length of the jet before breakage and
favored the formation of medium to large droplets.

According to Cerruto et al. (2021) [38], the increase in working pressure reduced all
volumetric diameters due to the greater atomization of the liquid. The results showed that
both working pressure and solution formulation had a significant influence on the droplet
spectra generated. The appropriate selection of adjuvant, associated with the optimal
setting of pressure, can contribute to optimizing a PPP application, favoring agronomic
efficiency and reducing environmental risks associated with spray drift.

Pressure also affected the RSF values; AS, OS and MO; solutions were less susceptible
to this variation at all pressures (from 1.33 to 1.57). Such formulations may be desirable
when seeking greater homogeneity of the application spectrum. In contrast, SS, CP and water
solutions presented significantly higher RSF values, reaching up to 2.08 in SS at 0.5 MPa,
which indicates greater dispersion of the droplet sizes. According to Wang et al. (2022) [39],
polymeric adjuvants may exhibit RSF values comparable to those obtained with only water.
However, this does not imply that spraying without adjuvants is advantageous, as adjuvants
can improve other critical spray characteristics, including droplet adhesion to leaf surfaces.

An inverse relationship was observed between volumetric diameters and RSF as the
operating pressure increased. For all solutions applied, the increase in pressure resulted in
a significant reduction in diameters, especially D,y 1, evidencing the greater production of
fine droplets. However, this reduction did not occur proportionally between the extremes
of the spectrum (D01 and Dy9), which affected the increase in RSF, indicating greater
heterogeneity of the droplet spectrum. Adjuvants affect the structure of the atomization
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process [17]. Therefore, under application conditions, it is necessary to adjust the working
pressure and select adjuvants compatible with the application objectives to maximize
application efficiency, reduce environmental risks and optimize the use of inputs.

The values for Dy 1, Dyo5, and Dy9 (Table 4) were related to pressure, determining the
pressures corresponding to the smallest volumetric diameters observed for each, reflecting
the conditions of atomization of the solutions. Based on second-order models, for D1,
the lowest values were estimated at pressures between 0.3966 MPa (SS) and 0.5261 MPa
(MO). The adjuvants AS (0.4895 MPa), CP (0.4991 MPa) and MO; (0.5111 MPa) presented
minimum points at higher pressures, which indicates greater resistance to the breakage of
the finest droplets and possible initial spray stability.

Table 4. Coefficients of the regression models for the volumetric diameters and RSF as a function of
the working pressure for different sprayed solutions.

Solutions Diameters (um) bo by b, R2
Water 121.9100 —0.2792 *** 0.0003 *** 0.98
cpP 127.3500 —0.2995 *** 0.0003 *** 0.98
AS 224.1988 —0.5874 *** 0.0006 *** 0.99
SS D01 129.2600 —0.3173 *** 0.0004 *** 0.98
OS 169.4500 —0.3633 *** 0.0004 *** 0.98
MO 139.4400 —0.3157 *** 0.0003 *** 0.99
MO, 198.0800 —0.4089 *** 0.0004 *** 0.94
Water 323.2120 —0.8071 *** 0.0010 *** 0.97
CP 288.0160 —0.6568 *** 0.0009 *** 0.92
AS 443.5600 —0.9349 *** 0.0010 *** 0.98
SS Dyos 304.6200 —0.6502 *** 0.0008 *** 0.97
(O5) 404.3280 —0.8672 *** 0.0010 *** 0.98
MO 352.9240 —0.7840 *** 0.0009 *** 0.98
MO, 369.0060 —0.3256 *** 0.87
Water 495.9420 —(0.2827 *** 0.77
(@l 467.5540 —0.18417 *** 0.63
AS 793.1120 —1.5878 *** 0.0017 *** 0.98
SS D309 482.6100 ns
oS 750.3840 —1.5756 *** 0.0018 *** 0.98
MO 544.8120 —0.3258 *** 0.82
MO, 605.0300 —0.3939 *** 0.64
Water 1.5425 0.0009 *** 0.84
CcpP 1.6212 0.0006 *** 0.60
AS 1.2975 0.0005 *** 0.98
SS RSF 1.5049 0.0013 *** 0.82
OS 1.4100 0.0003 *** 0.97
MO 1.4632 0.0008 *** 0.89
MO, 1.3144 0.0004 *** 0.95

Abbreviations: AS: acids and surfactant; MO and MO,: mineral oil; SS: silicone surfactant; OS: organosilicon
surfactant; CP: copolymer. *** significant at 0.001; ns: not significant at 5% level.

For Dy 5, the minimum values were observed between 0.3649 MPa (CP) and 0.4674 MPa
(AS), suggesting that the volumetric median diameter is optimized at these pressures.
Furthermore, in the solution with the adjuvant MO,, the equation indicated a reduction of
0.3256 pm for each unit of pressure, revealing a continuous linear action of fragmentation
with increasing pressure.

For Dyp9, only the solutions with the adjuvants AS and OS presented estimable
minimum points at 0.4670 MPa and 0.4377 MPa, respectively. In other solutions such
as MO;, the trend was linear with a highlight for a reduction of up to 0.3900 per unit of
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pressure. On the other hand, the pressure had no significant effects on the reduction in D9
for the SS solution (Table 4). These results indicate that increasing the working pressure
promotes droplet breakage and a reduction in droplet volumetric diameters, regardless of
the type of adjuvant used, favoring the formation of finer spectra [17].

Regarding the effect of pressure on RSF, the results for the SS solution indicated that,
for each increase of one unit of pressure, there was an increase of approximately 0.13%
in the amplitude of the droplet spectrum. AS showed an increase of 0.05%, while MO,
showed an increase of 0.04% per unit of increased pressure. The OS adjuvant showed the
smallest increase (0.03%). Such increases indicate that higher pressures contribute to a
slight broadening of the droplet size distribution, with greater sensitivity observed for SS
(Table 4). Increasing the operating pressure implies increasing the variation of fine and
coarse droplets, which can affect the application quality. Thus, the most sensitive adjuvants
require greater pressure control.

These results indicate that each adjuvant has an ideal operating range, determined by
the working conditions to which it is subjected, such as pressure, nozzle type and other
operational factors. Therefore, it is essential to use adjuvants within their ideal working
range to ensure better efficiency in controlling pests, diseases and weeds.

3.2.2. Effect of Adjuvants on V100 and V500

The evaluation of the percentage of volume carried by droplets with a diameter lower
than 100 um (V100) indicated that the increase in working pressure promoted a significant
increase in the production of fine droplets, regardless of the solution applied (Table 5).
When the atomization pressure of the liquid increased, V100 increased due to greater
fragmentation of the droplets [37].

Table 5. Percentages of volumes with a diameter smaller than 100 um (V100) and larger than 500 pm
(V500) as a function of the working pressure and the different adjuvants applied.

Percentage Pressure Solutions
of Volumes (MPa) Water CP AS SS (o}] MO MO,
0.1 10.60a 9.48ab 2.90c 9.45ab 4.84c 7.72b 3.66¢
0.2 19.24a 19.00a 5.82d 18.24a 8.65¢ 13.43b 5.65d
V100 0.3 23.06a 23.55a 8.99¢c 25.06a 11.12¢ 18.91b 10.18¢
0.4 26.77a 24.03b 11.42e 25.42ab 13.98d 20.79c 12.19de
0.5 27.60a 24.58b 13.48d 26.77a 16.26¢ 22.82b 13.80d
0.1 9.73b 8.32b 25.87a 8.79b 21.13a 13.64b 20.38a
0.2 4.60c 4.53c 12.36b 6.48bc 9.04bc 6.99bc 18.87a
V500 0.3 3.28a 3.83a 791a 6.35a 5.60a 466a 6.10a
0.4 2.54a 3.18a 6.18a 5.10a 4.05a 4.22a 4.93a
0.5 2.70a 3.24a 441a 5.83a 3.17a 3.50a 4.30a

Means of different solutions at the same working pressure followed by the same group of letters do not differ
statistically from each other at the 5% level by Tukey’s test. Abbreviations: AS: acids and surfactant; MO and
MO;: mineral oil; SS: silicone surfactant; OS: organosilicon surfactant; CP: copolymer.

It was observed that, at pressures of 0.3 MPa to 0.5 MPa, water, SS and CP solutions
presented the highest V100 values, with the emphasis on SS and water, which reached
the maximum values of 27.60% and 26.77% of fine droplets at a pressure of 0.5 MPa.
This result is convergent due to the similarity in Dy 5 presented by these solutions. This
pattern suggests greater susceptibility to drift under these conditions. On the other hand,
solutions containing AS, OS and MO; adjuvants provided reductions in the formation of
fine droplets at all pressures tested, which indicated their potential to minimize drift losses
in applications with higher spray energy (Table 5).
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The results for the percentage of volume carried by droplets with diameters greater
than 500 pm (V500) indicated an inverse trend to that observed for V100. At the lowest
pressure tested (0.1 MPa), the highest percentages of coarse droplets were observed for
the solutions containing the AS, OS and MO, adjuvants, with values above 20%. These
percentages are undesirable, as the droplets can run off, influencing the amount of active
ingredient on the target, especially in crops with a more closed canopy or in adverse
environmental conditions [40].

On the other hand, these solutions should be evaluated for applications with backpack
sprayers, since in this type of equipment the atomization pressure tends to be low. As
the working pressure increased, there was a significant reduction in the fraction of coarse
droplets for all solutions tested, with V500 values being below 6% at pressures of 0.3 MPa
to 0.5 MPa. This pattern indicates that the increase in pressure favors the atomization of
the spray, but with less retention of larger droplets, which are less susceptible to drift and
evaporation (Table 5). These responses of the evaluated solutions suggest the influence of
the rupture mechanisms of each of the adjuvants [41].

The high variability observed in the V500 data, reflected by the coefficient of variation
(CV) of 41.01%, suggests greater sensitivity of this parameter to variations in the interaction
between adjuvant type and working pressure. On the other hand, V100 presented lower
variability (CV =7.40%), indicating greater consistency in the formation of fine droplets
among the treatments (Table 6).

Table 6. Coefficients of the fitted models for V100 and V500 as a function of the working pressure for
different sprayed solutions.

Solutions Variables bo by b, R?
Water 9.1253 0.0416 *** 0.89
CP 9.5584 0.0352 *** 0.77
AS 04.964 0.0268 *** 0.99
SS V100 8.4473 0.0418 *** 0.83
OS 2.5285 0.0281 *** 0.99
MO 5.4703 0.0376 *** 0.93
MO, 1.0511 0.0268 *** 0.97
CV (%) 7.40
Water 9.4126 —0.0161 *** 0.72
CP 4.7010 ns
AS 39.1780 —0.1614 *** 0.0002 *** 0.97
SS V500 6.6900 ns
(OF] 20.8772 —0.0409 *** 0.77
MO 13.5235 —0.0237 *** 0.77
MO, 24.7473 —0.0461 *** 0.83
CV (%) 4101

Abbreviations: AS: acids and surfactant; MO and MO,: mineral oil; SS: silicone surfactant; OS: organosilicon
surfactant; CP: copolymer. *** significant at 0.001; ns: not significant at 5% level.

For V100, all solutions indicated that the increase in pressure intensified the formation
of these droplets, which may be undesirable in conditions prone to drift. The highest value
was observed for SS, indicating that for each unit of pressure increase, the volume of fine
droplets increased by 4.18%. Next, water stood out with an increase of 4.16% and MO
with an increase of 3.76%. AS, OS and MO, adjuvants also showed an increase, but on a
smaller scale (approximately 2.68% to 2.81%), which suggests greater stability in the face
of increased pressure. This is important to consider for applications where the aim is to
reduce the risk of drift and contamination of ecosystems. The mechanisms of oscillation and
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perforations of the liquid sheets of the solutions are influenced by the operating pressure,
consequently affecting the spectrum and volumes [41].

On the other hand, for V500, the increase in pressure reduced the percentage of
droplets with the possibility of running off. In the AS adjuvant, the increase in pressure
reached the minimum reduction point of V500 at 0.403 MPa. Meanwhile, in MO, and
OS, the pressure promoted reductions of 4.61% and 4.09%, respectively. Furthermore,
the pressure did not present significant effects in SS and CP, as confirmed by the non-
significance of b coefficients (Table 6). This finding suggests that, within the evaluated
pressure range, V500 remained relatively stable for these spray mixtures. These results
reinforce the importance of using adjuvants that promote a smaller increase in V100
and RSF, and a greater reduction in V500 with the increase in pressure, with AS, MO,
and OS being the adjuvants that presented the most balanced and technically desirable
performance in this context.

3.2.3. Characterization of the Droplet Spectrum Using Density Functions

The curves show how the combination of pressure and adjuvant type changed the
droplet distribution pattern (Figure 3). It was observed that, at pressures of 0.1 MPa and
0.2 MPa, solutions containing AS, MO, and OS presented distributions shifted towards
larger droplet sizes, with shorter tails on the left, indicating a lower proportion of fine
droplets. On the other hand, water, SS and CP exhibited more asymmetric distributions,
with a greater density in the fine droplet range, especially at pressures of 0.4 MPa and
0.5 MPa, which was in agreement with the highest V100 values observed.
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Figure 3. Droplet density curves for water and six adjuvant solutions across five operating pressures.
The curves represent the log-normal fit of the experimental data, showing the distribution of droplet
volume as a function of diameter (um). Curves shifted to the right indicate larger droplet sizes, while
narrower curves represent higher droplet size uniformity. AS: acids and surfactant; MO and MO,:
mineral oil; SS: silicone surfactant; OS: organosilicon surfactant; CP: copolymer.
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Furthermore, at pressures of 0.3 MPa to 0.5 MPa, a narrowing of the distributions
was observed in the solutions with AS, MO, and SO, suggesting greater uniformity in the
droplet spectrum, while the solutions with SS, CP and water presented wider distributions,
reflecting greater variability, consistent with the higher RSF values obtained. Thus, CP
adjuvant selection is more critical in low-volume, low-pressure applications.

The results of the performance metrics indicated that the prediction quality of the
droplet spectrum percentiles (D1, Dyo.5, and Dyg9), obtained from the droplet diameter
distribution density curves, varied as a function of the working pressure and the adjuvant
used (Table 7). In general, the percent bias (PBIAS) ranged approximately from —5.16% to
4.94%, which indicates the absence of a consistent systematic tendency to overestimate or
underestimate the predicted values. However, the absolute (RMSE and MAE) and relative
(NRMSE) error metrics showed significant differences between treatments, indicating
variation in model accuracy.

Table 7. Model performance metrics for predicting D1, Dyo5, and Dyg 9, obtained from droplet
diameter distribution density curves under different working pressures and adjuvants.

Solutions
Metrics Pressure (MPa)

Water CpP AS SS 0S MO MO,

0.1 13.87 5.19 30.42 11.63 21.88 11.89 19.51

0.2 7.62 6.57 417 6.81 17.88 12.37 24.66

RMSE (pum) 0.3 2.34 6.51 15.10 9.87 28.40 12.52 18.96
04 9.35 9.40 23.35 8.24 19.31 12.29 21.98

0.5 8.01 12.18 29.04 7.10 22.45 17.41 22.52

0.1 —1.01 1.78 494 —1.34 3.63 —0.11 2.59

0.2 —2.03 2.78 0.17 1.92 0.46 —1.80 4.39
PBIAS (%) 0.3 —0.05 1.79 —2.88 3.05 —5.16 —2.26 —3.44
04 -1.73 —2.05 —4.53 3.50 —4.38 —0.69 —4.44
0.5 —1.65 —-1.73 —3.12 2.83 —5.08 —4.18 —4.35

0.1 13.73 4.84 23.81 11.21 20.61 11.3 18.75

0.2 6.60 6.19 3.71 6.09 16.85 9.79 20.85

MAE (um) 0.3 2.07 4.75 11.85 8.93 21.73 11.19 17.17
0.4 6.92 8.49 18.45 7.62 14.50 9.94 18.59

0.5 6.48 9.57 24.20 6.03 15.45 13.62 17.83

0.1 6.92 2.74 12.42 6.04 9.06 5.52 8.61

0.2 4.37 3.91 2.07 3.69 9.31 6.59 10.27

NRMSE (%) 0.3 1.42 3.94 8.13 5.28 17.26 7.13 10.70
0.4 5.85 5.58 12.97 4.55 11.53 7.07 12.70

0.5 4.94 7.31 17.04 3.97 13.77 10.23 13.23

RMSE—Root Mean Square Error; MAE—Mean Absolute Error; PBIAS—Percent Bias; NRMSE—Normalized Root
Mean Square Error.

Better performance was observed for the CP and SS adjuvants, with the condition
at 0.3 MPa in water being particularly notable for RMSE (2.34 um), MAE (2.07 um) and
NRMSE (1.42%); SS also showed consistent dynamics across all pressures, and the NRMSE
ranged between 3.69% and 6.04%. In contrast, the largest errors were found mainly for
OS and MO,, with the NRMSE frequently above 9%. This included the worst fit for OS at
0.3 MPa (RMSE: 28.40 um, MAE: 21.73 um, NRMSE: 17.26%) and high values for AS at
0.5 MPa (RMSE: 29.04 um, MAE: 24.20 um, NRMSE: 17.04%).

These results suggest that, although the model exhibits low average bias, its predictive
capability is reduced under conditions where specific adjuvants and pressures promote
greater alteration in the shape of the droplet spectrum distribution, especially in the
extreme percentiles, leading to increased error and lower reliability of the estimates. The
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larger observed errors indicate greater complexity in the spray’s physical dynamic, likely
associated with changes in the spray mixture’s physicochemical properties that affect liquid
breakup into droplets.

3.3. Principal Component Analysis

Principal component analysis (PCA) was used to identify the variables most associated
with the variations observed between the solutions. The first two principal components
jointly explained 66.7% of the total variance of the data, with the first component (Dim1)
responsible for 48.2% and the second component (Dim?2) responsible for 18.5% (Figure 4).
Dim1 was associated with the variables Dy 1, Dy5, Dyo9 and V500, which presented a
positive correlation with each other and a negative correlation with the RSF and V100, indi-
cating that larger volumetric diameters and a greater volume of large droplets were related
to smaller spectral amplitudes and a lower presence of fine droplets. These relationships
were influenced by the working pressure and represented the main differentiating factors
between the adjuvant solutions.

1.0

0.5

Dim2 (18.5%)
o
o

F
Pressure

-0.5

-1.0

-1.0 -0.5 0.0 0.5 1.0
Dim1 (48.2%)

Figure 4. Diagram of the principal component analysis of the evaluated variables.

In addition, a negative correlation was observed between EC and pH, ST and CA.
Solutions with higher conductivity, such as AS (668.73 uS cm 1) and OS (93.60 uS cm™1),
presented lower pH, ST and CA values. On the other hand, those with lower conductivity,
such as CP (1.47 uS cm™!) and MO (3.51 uS cm™1), presented higher values for these
properties. This trend suggests that in highly ionized or acidic environments, the ability
of surfactants to reduce ST and CA is partially modulated by the ionic competition at the
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droplet interface. These joint interactions define the viscoelasticity and the rupture of the
liquid sheet from the nozzle orifice. As a consequence, the final atomization pattern is
determined by the interaction between operating pressure, nozzle design and the solution’s
physicochemical resistance, primarily given by the synergy of ST and chemical stability.

Although solutions with a lower ST, such as CP (25.93 mN m~!) and MO (28.85 mN m 1),
generated droplets of larger diameter compared to water (73.49 mN m~') and AS
(54.87 mN m 1), no direct association was observed between this variable alone and droplet
size. This suggests that ST should be interpreted in conjunction with other properties and
that it is not, by itself, a determining factor of the atomization pattern.

Likewise, no clear trend was identified between volumetric mass and the size of the
droplets generated, indicating that, despite the physical importance of this variable, its
influence may be secondary compared to other properties, such as the rheological response
of the solutions.

Dim?2, in turn, was mainly influenced by the variables pH, ST, CA and VM, which
showed a positive correlation with each other and a moderate contribution to this axis. How-
ever, VM was the variable that contributed least to explaining the variation of the adjuvants.

4. Conclusions

Knowing the importance of adjuvants, their use should be optimized to improve
spray application performance. This requires selecting the most appropriate adjuvant and
defining suitable operating conditions to enhance PPP application efficiency and minimize
the negative impacts associated with inadequate pressure settings for specific use scenarios.
When properly managed, these factors can contribute to the sustainability of agricultural
ecosystems. The study allowed the following final conclusions to be drawn:

e  The operating pressure significantly influenced the droplet spectrum when spraying
the different spray solutions, thus offering a practical framework for optimizing
spray parameters in the field. Higher pressures increased both the volume fraction
of fine droplets (V100) and the RSF, especially for solutions containing the SS and
MO adjuvants. Using these adjuvants may enhance leaf coverage and improve the
performance of contact pesticides, for instance, during fungicide treatments. However,
their use under high-pressure conditions should be carefully managed due to the
increased proportion of fine droplets, while simultaneously caution should be taken
against drift risks. In contrast, the AS, MO,, and OS formulations showed greater
stability under increasing pressure, with a smaller increase in fine droplets and a
more pronounced reduction in the volume fraction of coarse droplets (V500). These
adjuvants are therefore more suitable for applications requiring effective drift control,
particularly under unfavorable weather conditions (wind and high temperature),
while maintaining lower V100 values even at higher pressures (up to 0.5 MPa).

e The PCA showed that the volumetric diameters (Dy.1, D405, and Dygg) and V500
were the primary variables differentiating the tested spray solutions. The physico-
chemical properties, such as pH, EC, ST, and CA, also affected droplet formation,
contributing to the variability among the solutions. This indicated that modifications
to the physicochemical properties can affect droplet size and atomization behavior.
Therefore, the interaction between these characteristics and pressures plays a critical
role in determining the resulting droplet size spectra.

e  Overall, adjuvant performance was attributed to the balance between their physico-
chemical characteristics and their response to different operating pressures. Conse-
quently, the selection of adjuvants should account not only for their capacity to reduce
surface tension, but also for their interaction with operational parameters, with the
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aim of optimizing the PPP application efficiency, as well as mitigating environmental
risks, particularly in situations prone to spray drift.

Finally, as this study was conducted in a controlled environment, these findings
should be interpretated as a technical baseline for improving spray quality rather than a
direct measurement of field-scale environmental risk. While optimizing the droplet size
distribution and the physicochemical behavior of spray solutions can contribute to more
sustainable plant protection practices, the actual reduction in environmental pollution
and the effectiveness of PPP applications in real field scenarios will depend on further
validation under varying environmental conditions and different crop structures. Therefore,
these results provide valuable guidance for the technical selection of adjuvant—pressure
combinations that could serve as a precursor to field-level assessments.
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