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Abstract: Pesticide application development has grown exponentially in recent decades thanks to the
implementation of new technologies and improved quality of spray input application. Electrostatic
technology for increasing deposition has proven to be a suitable tool under specific study conditions,
such as when working with very small droplet sizes, with air assistance, or typically in greenhouse
environments. However, its effectiveness in hydraulic spraying, as well as its application from a
commercial point of view in agriculture, is still challenging. The aim of this study was to evaluate the
performance of this technology by implementing a modified lance on a small commercial knapsack
sprayer, equipped with a hydraulic nozzle providing a range of droplet size values (Dv50) from
136 µm to 386 µm in the pressure range between 2 and 6 bar. This setup allowed operation under
normal conditions (disconnected electrostatic system: NES) or with the connected electrostatic
system (ES), with both configurations being tested in this study. Liquid distribution profiling as
well as qualitative and quantitative evaluation of deposition were carried out both under laboratory
conditions and in tomato crops under greenhouse conditions. The results showed no differences
between the ES and NES in terms of flow rate (L min−1) characterization or in the total accumulated
volume collected with the vertical bench. The impact of the electrostatic system connection was
clearly observed in laboratory trials, with total deposition increases of up to 66%. In field trials, this
effect decreased in unexposed areas and in denser sections of the crop. However, the overall increase
in deposition, mainly associated with the exposed side, continued to be significant.

Keywords: charged droplets; coverage; deposition; hydraulic spraying

1. Introduction

Modern agriculture heavily relies on the application of pesticides and other agricul-
tural chemicals to enhance crop health and productivity. However, conventional spraying
methods often suffer from issues such as poor spray deposition, drift, and environmental
pollution [1–4]. Electrostatic spraying technology offers a promising solution to these
challenges by employing the principle of electrostatic charge to improve spray deposition
and reduce wastage. This technique involves the application of a certain voltage to charge
the droplets, resulting in increased affinity towards grounded targets and enabling effective
deposition. This technology operates on the basis of Coulomb’s law, which states that
opposite charges attract each other [5]. The droplets acquire a positive or negative charge
by passing through an electric field commonly created by an electrode. It has been observed
that these charged particles tend to exhibit a wraparound effect, whereby they deposit on
surfaces not directly facing the spray source. Consequently, it enables the charged droplets
to reach hidden areas and the underside of the target [6].

The approach to investigating electrostatic technology in agricultural spraying has
evolved over the years. Initially, the focus was on assessing the effectiveness of applying
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an electrical charge to the spray flow, usually at high voltages on handheld spinning disc
sprayers [7–9]. More recent studies have shifted towards a comprehensive analysis of all
factors influencing the performance of electrostatic technology. This includes enhancements
in crop penetration due to air assistance, as well as investigations into nozzle design and
methodologies for quantifying droplet charging efficiency. In this sense, one of the concepts
referenced in the study of spray performance or efficiency when discussing this technology
is the charge-to-mass ratio (CMR), associated with the charge generated on the droplets at
the nozzle outlet and being calculated by measuring electric charge flow and liquid mass
flow per second [10]. Higher values indicate a greater charge on the droplets, which can
enhance their attraction to grounded targets and improve the wraparound effect, enabling
effective coverage even in inaccessible areas. This parameter, expressed in mC kg−1, has
been shown to vary according to several factors, including droplet size [11]; application
distance [12,13]; intrinsic characteristics of the electrode, such as its geometry [14,15] or
material [16]; applied voltage [17,18]; and even the viscosity or composition of the sprayed
product [19].

Specific CMR values at which efficient spraying using electrostatic technology can be
conducted have been observed by some authors. According to Maski and Durairaj [19],
it was concluded that increasing the charge-to-mass ratio from 0 mC kg−1 to 5.5 mC kg−1

resulted in an increase in spray deposition on the abaxial leaf surfaces. Similarly, studies
carried out by Lyons et al. [20] and Pascuzzi and Cerruto [11] on pneumatic spraying found
that CMR values of 10 mC kg−1 resulted in significantly higher coverage for small droplets.
Zhao et al. [13], who were among the few researchers to apply numerical simulation tech-
niques to model the trajectories of charged droplets, achieved CMR values of 30 mC kg−1

while working with very small droplets (5 µm to 30 µm). However, increased drift losses
were also observed in this case.

The evaluation of electrostatic technology implemented on different types of sprayers
has shown promising results in specific working conditions in terms of deposition efficiency.
The study conducted by Mishra et al. [21] concluded that the use of electrostatic spray
technology resulted in significantly higher droplet density and total spray deposition on
both the upper and underside of leaves compared to conventional spray application in
a pear orchard. In a separate study by Salcedo et al. [22], which focused on vineyards, it
was found that electrostatic sprayers could reduce the volume of spray applied by 68%
while achieving better deposition and higher spray retention on the leaf surface. Pascuzzi
and Cerruto [11] obtained an increase in the mean foliar spray deposition by 44% when
connecting the electrostatic system also in vineyard spraying. Those studies are some
examples of the effectiveness of this technology; however, it is crucial to highlight the role
of air presence in droplet formation in those cases, confirming the inverse relation between
droplet size and charge acquired described by several authors [11–13].

As far as the authors know, few studies have been conducted on the evaluation of
this technology in equipment with hydraulic nozzles without involving air assistance,
very small droplet sizes, or the application of high voltages. Furthermore, regarding
Pesticide Application Equipment (PAE), it should not be dismissed that the utilization
of small knapsack sprayers and handheld applications remains high overall in many
countries in greenhouse applications [23,24]. Consequently, this branch of research should
be approached in the same manner as in the case of large-scale intensive farming.

In this context, the present work aims to conduct a preliminary analysis of an electro-
static knapsack sprayer equipped with a hydraulic nozzle, with the objective of evaluating
the impact of incorporating this technology in terms of coverage and deposition, both in
laboratory conditions and field conditions, a previous characterization of the equipment
for optimal selection of application parameters having previously been carried out.
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2. Materials and Methods
2.1. Knapsack Sprayer

The knapsack sprayer was a commercial electric unit from the manufacturer Royal
Condor (Producciones Generales SA, Soacha, Colombia), equipped with a 12 V diaphragm
pump, a 15 L tank and a pressure regulator that allowed adjustment of the flow rate between
2 bar and 6 bar of pressure (Figure 1). The modified lance, incorporating electrostatic
technology, was developed and is owned by EURO DENKER S.L under its commercial
brand Tecnostatic (Tecnostatic, Zaragoza, Spain) and was implemented in the commercial
device. It integrated a charge induction system in the nozzle that operated at a voltage of
1 kV, featuring two concentric copper electrodes which was controlled by a switch located
next to the pressure regulator.
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Figure 1. Electrostatic sprayer prototype. (A) Electrostatic nozzle; (B) modified lance; (C) pressure
gauge; (D) power button for electrostatic spraying and (E) sprayer tank; (F) power button for
conventional spraying and pressure regulator (from 2 to 6 bar).

2.2. Spray Droplet Size, Flow Rate, and Charge Quantification

The droplet size distribution was obtained for each combination of pressure (2 bar,
4 bar, and 6 bar) and electrostatic system configuration ES-NES (ES = electrostatic system
ON; NES = disconnected electrostatic system), using the Insitec® T laser diffraction system
(Malvern Panalytical, Malvern, UK). As illustrated in Figure 2, the spray passes through a
laser beam, allowing for real-time droplet characterization, resulting in a distribution similar
to that shown in Figure 3, where blue histogram bars (right Y-axis) show the percentage
of the atomized liquid volume contained in droplets of a given size class (volume-based
droplet diameter frequency), and the green curve (left Y-axis) indicates the percentage
of atomized liquid in droplets with a diameter smaller than a certain value (cumulative
volume function).
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Figure 2. Experimental setup of the T laser diffraction system.
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Figure 3. Droplet size distribution example.

From the cumulative volume function, the percentiles Dv10, Dv50, and Dv90, com-
monly used for droplet size characterization, were obtained for each sprayer configuration.
The Dv50, also described as the VMD (Volume Mean Diameter) by some authors [9,25,26],
represents the median drop size, indicating that 50% of the atomized liquid is contained
in drops smaller than Dv50. On the other hand, Dv10 and Dv90 provide a measure of
the width of the distribution of the droplet volume [27]. The relative width or span value,
given by Equation (1), was also calculated.

Span =
Dv90 − Dv10

Dv50
(1)

The nozzle flow rate was determined for all pressure settings (2 bar, 3 bar, 4 bar, 5 bar,
and 6 bar) following the methodology described in ISO 5682-2:1997 [28].

The charge-to-mass ratio (CMR) has been traditionally measured using a Faraday
cage system [6,27,29]. In this case, high flow rates and droplet size lead to small current
values that do not allow the charge to be measured at a great distance from the outlet.
For this reason, CMR was quantified employing a metal conical device that encompassed
the entire nozzle outlet flow, using a similar methodology to that described by Marchant
and Green [30]. Considering the flow rate data in L min−1 and amperage in C s−1, as a
result of measuring the current values (µA) with a digital multimeter, accurate CMR values
(mC kg−1) were calculated for all configurations.



Agronomy 2024, 14, 2343 5 of 20

2.3. Spray Distribution Profile

The product distribution patterns, both horizontal and vertical planes, were obtained
by carrying out tests under indoor conditions at the facilities of the Technological College
of Huesca (42◦07′03′′ N 0◦26′47′′ W), in the absence of wind, with 30% relative humidity
and 23 ◦C temperature.

For vertical distribution, the knapsack sprayer lance was placed in static conditions,
with the nozzle facing a 3.7 m vertical patternator (AAMS, Maldegem, Belgium) equipped
with 20 cm × 20 cm flat PVC plates (Figure 4A). The structure moved at a constant speed
of 0.20 m s−1 and collected the product for each combination of factors shown in Table 1.
Three repetitions for each combination of factors were carried out.
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Figure 4. Nozzle arrangement with respect to the vertical (A) and horizontal (B) test benches.

Table 1. Factorial design adopted in the evaluation of the vertical distribution profile. Nozzle–ground
distance: 167 cm. First collector base–ground distance: 110 cm. Distance between centers of collectors:
20 cm.

Sprayer
Configuration * Fluid Pressures (Bar) Application

Distances (cm) Collector Heights (cm)

ES; NES 2; 3; 4; 5 and 6 35; 50 and 65 120; 140; 160 and 180
* ES: Connected electrostatic system and NES: non-electrostatic system.

Horizontal distribution was evaluated similar to Patel et al. [12] or Gupta and Duc [8]
procedures, positioning the nozzle at a height of 50 cm above a self-made horizontal
patternator (Figure 4B), which collected the liquid through gutters every 5 cm to be finally
quantified in measuring glasses. Three repetitions were carried out, and the fluid was
collected for 5 min for each combination of the following factors: 2 electrostatic spraying
configurations (ES-NES) and 5 fluid pressures (2 bar, 3 bar, 4 bar, 5 bar, and 6 bar). Spray
pattern uniformity was assessed based on the coefficient of variation (CV) of the amount of
liquid collected per segment throughout repetitions.
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2.4. Coverage and Deposition Evaluation in Laboratory Conditions

To evaluate the effectiveness of the electrostatic system, coverage and deposition
analyses in laboratory conditions were carried out by locating a vertical grounded wooden
post on the mobile platform from the test bench, whose collectors were disassembled.
Water-sensitive papers (WSP, 26 mm × 76 mm) and filter papers (30 mm × 80 mm) were
located on both the front and rear sides of the post (exposed or unexposed, respectively) as
shown in Figure 5, and the product was sprayed simulating a real application by moving
the platform (at 0.2 m s−1). The following combinations of equipment operating conditions
were evaluated: 2 configurations of the electrostatic system (ES and NES), 3 fluid pressures
(2 bar, 4 bar, and 6 bar) and 3 nozzle-to-post distances (20 cm, 35 cm, and 50 cm). Similar to
previous assays, 3 repetitions for each configuration were conducted. Given that 18 WSPs
and 18 filters were used for each repetition (9 on the exposed side and 9 on the unexposed
side), a total of 972 units of each type were analyzed. Heights corresponding to each type
of paper are presented in Table 2.
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It is important to note that using metal structures as artificial targets without regulated
resistance values may affect deposition results, potentially leading to over-attraction of
droplets that, under real conditions, might not reach the target. In this regard, the use
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of a grounded wooden post in the present study should be highlighted with the aim of
maximizing the similarities to a real application, accounting for the absence of environmen-
tal variables.

Table 2. Location heights of water-sensitive papers and filter papers on the front and rear part of
the post.

Water-Sensitive Paper (cm) Filter Paper (cm)

78 86
94 102

110 118
126 134
142 150
158 166
174 182
190 198
206 214

WSPs were analyzed using Image J software (v.1.52a, National Institutes of Health,
Bethesda, MD, USA), which allowed the percentage of coverage of each sample to be deter-
mined. Filter papers were analyzed following the methodology described by Garcia-Ramos
et al. [31], who used manganese chelate as a tracer. This product is commercialized in
liquid form at a concentration of 6.77% Mn by weight, corresponding to 90 g of Mn per liter
of product. Trials were performed using 1.5 mL of product per liter of water, resulting in
a Mn concentration of 135 mg L−1. During the trials, filter papers were placed in Falcon
tubes for later extraction. Once in the laboratory, samples were washed in a 0.05 N nitric
acid solution, and the manganese concentration (mg L−1) was quantified using an atomic
absorption spectrometer (model SpectrAA 110, Varian Inc., Palo Alto, Santa Clara, CA,
USA). Considering the surface of the filters, the amount of Mn in each one (µg cm−2) was
calculated. In order to compare results between configurations associated with differ-
ent volume rates (L ha−1), normalized deposition (dn, µg cm−2

filter/µg cm−2
ground) was

calculated as described by some authors [3,32,33].

2.5. Coverage and Deposition Evaluation in Crop Conditions

Tests were carried out on tomato crop (Solanum lycopersicum L.) in the greenhouse
located at the same facilities described in Section 2.3. In this case, the knapsack sprayer was
mounted on the mobile platform used in Sections 2.3 and 2.4, which was located parallel to
the canopy. This setting (Figure 6) allowed the repetitiveness between configurations to be
maximized since the lance location between repetitions and configurations did not vary.
For this reason, the external row was selected for the trials.

Three sections (S1, S2 and S3) with increasing vegetation densities were established in
order to evaluate the penetration capability of the product depending on the ES and NES
configurations. In each section, three vertical posts associated with each studied depth level
(D1: external; D2: intermediate; and D3: internal) were located, with a relative distance
of 20 cm between them, as shown in Figure 6. Each post contained 12 WSPs and 12 filter
papers vertically distributed on both sides (6 heights on each side of the post, ranging from
20 cm to 120 cm), similar to laboratory assays. The lance was positioned 90 cm above the
ground and at a distance of 35 cm from D1. In this case, a 6 bar configuration was selected.
Considering 2 electrostatic system configurations, 3 sections, 3 depths per section, 2 sides
per depth, and 6 papers per side, a total of 216 WSPs and 216 filter papers were analyzed
from crop trials following the same methodology described in Section 2.4. Normalization of
deposition results was not considered in this case since one single flow rate was established.

Temperature and relative humidity were measured inside the greenhouse during the
test, resulting in an average of 22.2 ◦C and 64.6%, respectively.
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Figure 6. Water-sensitive and filter paper setting in one section in greenhouse trials.

The Leaf Area Index (LAI) was determined by collecting the leaves from a specific
volume of vegetation in each section and correlating the total area of the leaves, quantified
with Image J software, with the planting layout of the crop. Sections 1, 2, and 3 resulted in
LAI values of 2.13, 2.70, and 3.38, respectively.

2.6. Statistical Analysis of Results

Final data were statistically analyzed using IBM SPSS Statistics v.26 software pack-
age (IBM Corp., Armonk, NY, USA), to establish differences associated with application
parameters on dependent variables. The Kolmogorov–Smirnov test was performed to
assess the normality of data distribution, followed by Levene’s test to evaluate equality of
variances. One-way ANOVA with Tukey’s test for mean comparisons was used to analyze
the effect of electrostatic configuration on the total accumulated volume in relation to
product distribution evaluation.

The dataset did not meet the normality assumption in some cases; therefore, the non-
parametric Kruskal–Wallis test was used to determine significant differences in dependent
variables, such as the spray uniformity (through the CV), percentage of coverage, and
deposition under both laboratory and crop conditions. Independent variables were defined
by application parameters: the electrostatic system configuration, distance, pressure, or side
of measurement in deposition trials. A 95% confidence level was maintained in all cases.

3. Results and Discussion
3.1. Spray Droplet Size, Flow Rate, and Charge-to-Mass Ratio

The laser measurement ranges between 0.29 µm and 1000 µm resulted in inaccurate
droplet size measurements at 2 bar pressure as a considerable percentage of liquid was
composed of droplets larger than 1000 µm. However, this truncation disappeared at higher
pressures. Percentiles and span results are shown in Figure 7.
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at different working pressures (2, 4, and 6 bar). Dashed lines and bars indicate connected electro-
static system.

As expected for the natural behavior of a hydraulic nozzle, droplet size decreased
with the increase in pressure, with no significant effect associated with the connection or
disconnection of the electrostatic system on percentiles or span. In this context, the VMD
values of droplets in the ES configuration at 2 bar, 4 bar, and 6 bar pressures were 386 µm,
173 µm, and 136 µm, respectively. These results are consistent with previous studies, which
have shown that the differences between droplet sizes due to the electrostatic effect are
minimal. Brentjes et al. [34], in laboratory tests, found no apparent difference between the
VMD of droplets generated with electrostatic charge and without charges working with an
air-assisted electrostatic sprayer considering four flow rates. Patel et al. [12], working with
an air-assisted electrostatic nozzle, found that the VMD at three locations within the plant
canopy and two leaf orientations was lower for the ES (95.0 µm) than the NES (104.5 µm).

When considering droplet behavior, if electrostatic forces exceed those generated
by surface tension, the initial droplet may break up into smaller ones. However, with
electrostatic nozzles, only a small fraction of droplets reaches this limit [6]. Conversely,
the opposite phenomenon can also occur and has been reported by some authors. Kihm
et al. [35]; Latheef et al. [36] and more recently Martin et al. [37] evaluated electrostatic
technology in aerial applications and found significantly higher VMD values for electro-
statically charged applications. This increase in VMD is due to the aggregation of smaller
droplets into larger ones.

A linear relationship was observed between pressure and nominal flow rate (L min−1)
during flow rate characterization, with identical values for both the ES and NES config-
urations at a given pressure. Specifically, nominal flow rate of the nozzle ranged from
0.32 L min−1 at the lowest pressure (2 bar) to 0.50 L min−1 at the highest pressure (6 bar).

Also, the relationship between CMR and pressure is particularly important in elec-
trostatic spraying, as higher pressure typically generates smaller droplets, which in turn
increases the CMR. However, after a certain point, observed here at 4 bar pressure (Figure 8),
the efficiency of charge induction appears to stabilize, and further reductions in droplet size
do not significantly increase the CMR. Similar behavior has been documented by several
authors who assessed the impact of application parameters, such as applied voltage, appli-
cation distance, and droplet size on the CMR [4,11–13]. Understanding this relationship is
crucial, as the deposition of the product is closely tied to CMR, which will be discussed in
the Deposition Evaluation section.
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Figure 8. Dv50 values (in µm, blue line) and CMR (in mC kg−1, red line) as a function of pressure
(bar). The dashed lines show the trend lines of both curves.

It is important to note, however, the difference in CMR magnitude between the present
study and those involving pneumatic equipment and small droplet size. While the previous
mentioned studies reported CMR values around 10 mC kg−1, related to an effective elec-
trostatic deposition in pneumatic sprayers with VMDs below 70 µm, the maximum CMR
values observed in this study, achieved at 4 bar pressure, were approximately 0.38 mC kg−1.
A similar study was carried out by Mamidi et al. [14], who evaluated the effect of spray
properties, electrode position, and applied voltage on the CMR values using a knapsack
sprayer with a nominal flow rate of 0.34 L min−1, equipped with an induction system
to charge the droplets. They recorded a maximum CMR value of 0.42 mC kg−1 with
an applied voltage of 3.25 kV, which is significantly higher than the 1 kV used in the
present study.

3.2. Spray Distribution Profile

Regarding the vertical distribution profile, volume values were maximum at the height
associated with the lance location (167 cm above the ground at all working configurations
(Figure 9)). The total accumulated volume was higher in the NES configuration compared to
the ES configuration across all setups. However, this difference was not significant (p > 0.05)
and decreased with the increase in application distances. Focusing on the liquid distribution
within the nozzles’ working width (approximately 140 cm to 190 cm), it was observed that,
at 50 cm and 60 cm distances, switching off the electrostatic system caused droplets to settle
at lower heights of the patternator, losing the Gaussian distribution obtained with the ES
configuration, highlighting the role of attraction forces on charged droplets.

The spray pattern in the horizontal plane did not show differences in terms of total ac-
cumulated volume due to the electrostatic sprayer system connection (p > 0.05). Regarding
the pattern of the curve drawn by the accumulated volume in each segment (Figure 10), it
was observed that at lower pressures the peak was found on the central axis of the spray
plane, while higher pressures resulted in a flattening of the curve due to the dispersion
of the droplets, as described by some authors [7,8]. The Kruskal–Wallis test showed no
significant effect of pressure or electrostatic system connection on CV, whose values were
rarely greater than 15%.
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Agronomy 2024, 14, 2343 12 of 20

3.3. Laboratory Coverage/Deposition Tests

Coverage results of WSP for each configuration, pressure, distance, and height are
shown in Figure 11. A clear effect of the electrostatic system connection on the covered
surface was observed. At closer distances (20 cm and 35 cm), the coverage percentage
of the WSPs on the unexposed side reached 60% for those positioned at heights near the
lance (placed at 167 cm from the ground). Table 3 shows the average coverage percentage
values, considering the actual working conditions of the nozzle (between 142 cm and
190 cm height), associated with the spray angle, as determined in the previous horizontal
distribution evaluation.
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Table 3. Mean coverage (%) for all configurations in laboratory conditions considering the interval of
heights between 142 cm and 190 cm. The percentage is calculated relative to cm2 of covered surface.

Distance
(cm)

Pressure
(bar)

ES NES
Increase (%) on Exposed
Side Compared to NES *

Total Increase (%)
Compared to NESExposed

Side
Unexposed

Side
Exposed

Side
Unexposed

Side

20
2 16.55 0.82 15.57 0.00 0.98 0.90
4 32.73 6.28 21.30 0.00 11.43 8.86
6 48.01 38.33 39.54 0.00 8.47 23.40

35
2 25.03 1.15 22.48 0.00 2.55 1.85
4 60.60 19.18 43.33 0.00 17.27 18.23
6 74.73 33.29 55.89 0.00 18.84 26.07

50
2 30.55 0.55 26.83 0.00 3.72 2.14
4 58.90 15.93 45.48 0.00 13.42 14.68
6 68.07 10.67 55.58 0.20 12.49 11.48

* Coverage increase associated with unexposed side was not calculated since the amount of product detected in
all trials was 0.

The percentage of coverage was higher in all cases for the ES configuration at the
exposed side. For the NES, however, there was no covered WSP on the unexposed side
of the post. Regarding the effect of fluid pressure on the coverage percentage, little ef-
fectiveness of the electrostatic system was observed for the lowest pressure (2 bar). For
this pressure, on average, the percentage of covered area increased by only 1% when the
electrostatic system was connected (Table 3). However, as pressure increased, coverage
significantly increased, reaching a maximum increase (26%) at a distance of 35 cm and a
pressure of 6 bar using the ES configuration, for which an average of 33% was obtained on
the unexposed side.

Figure 12 shows mean normalized deposition results (µg cm−2) for all configurations at
each height. Again, no product was quantified for the NES configuration on the unexposed
side of the post. Similar to the coverage results, the ES led to an increase in product
deposition (Table 4), with a maximum total increase at 35 cm and 6 bar (46.43% in exposed
side). Under these conditions, 66% of the total increased deposition was achieved by
connecting the electrostatic system due to a combination of factors also observed in crop
trials. Furthermore, deposition values also reached their maximum on the unexposed side,
with a value of 0.22 µg cm−2.

Table 4. Mean normalized deposition (µg cm−2
filter/µg cm−2

ground) obtained in laboratory for each
configuration considering the interval of heights between 150 cm and 182 cm.

Distance
(cm)

Pressure
(bar)

ES NES
Increase (%) on Exposed
Side Compared to NES *

Total Increase (%)
Compared to NESExposed

Side
Unexposed

Side
Exposed

Side
Unexposed

Side

20
2 1.10 0.02 1.10 0.00 0.00 1.82
4 1.33 0.17 1.32 0.00 0.76 13.64
6 1.35 0.23 1.34 0.00 0.75 0.00

35
2 1.11 0.04 1.01 0.00 9.90 13.86
4 1.27 0.18 1.09 0.00 16.51 33.03
6 1.64 0.22 1.12 0.00 46.43 66.07

50
2 1.26 0.02 1.16 0.00 8.62 10.34
4 1.20 0.21 1.00 0.00 20.00 41.00
6 1.20 0.11 1.02 0.00 17.65 28.43

* Deposition increase associated with unexposed side was not calculated since the amount of product detected in
all trials was 0.
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Figure 12. Normalized deposition (dn), expressed by relation between the total Mn on the filter
surface and the total amount of Mn per ground unit (µg cm−2

filter/µg cm−2
ground) obtained for

different distances (20 cm, 35 cm, and 50 cm), fluid pressures (2 bar, 4 bar, and 6 bar) and electrostatic
system settings (ES vs. NES).

Deposition results on the exposed side were similar at all pressures (p > 0.05) consid-
ering normalized results and homogeneous flow rates. However, the lack of effect of the
electrostatic system connection on the unexposed side at 2 bar was also noted, showing the
reduced effectiveness of this technology with the increase in droplet size.

Although the literature often describes previous laboratory equipment calibration
followed by deposition efficiency evaluation in field conditions, some studies have similarly
used laboratory characterization in terms of deposition before conducting those field trials.
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Marchant and Green [30] used 75 mm diameter × 700 mm long aluminum tubes as targets,
placing strips of paper on them for analysis via chromatography. They observed deposition
increases by factors of 1.6 to 2.8 with the ES configuration, operating at 6 kV voltage. Similar
increases were observed in the study carried out by Dante and Gupta [7], who evaluated a
spinning disc electrostatic sprayer on artificial soybean aluminum targets in laboratory tests,
and by Maski and Durairaj [19], who also tested on aluminum targets, with air assistance,
the effectiveness of an electrostatic spraying system operating between 0 and 4 kV and with
a VDM ranging from 101 to 171 µm. In this case, they achieved deposition increases from
0.78 to 1.79 µg cm−2 on adaxial surfaces and from 0.66 to 1.33 µg cm−2 on abaxial surfaces.
Gan-Mor et al. [25] tested an electrostatic sprayer prototype in laboratory conditions using
a grounded metal cylinder with water-sensitive paper on both sides, moving at 0.8 m s−1

through the static spray stream. In their tests, 480 droplets cm−2 were deposited on the
front and 23 droplets cm−2 on the rear with the NES configuration, while ES spraying
resulted in 370 droplets cm−2 on the rear.

3.4. Coverage and Deposition in Crop Conditions

Table 5 presents the average results of coverage percentage and deposition obtained in
the field tests, depending on the section, depth, side of the post, and the selected electrostatic
system configuration. Although the tests were conducted at different heights close to the
ground to assess the effect of the electrostatic system on the amount of product lost before
reaching the crop, the results in Table 4 focus on those heights associated with the nozzle’s
working width. Since it was located at 90 cm above the ground, a height range of 80 cm to
120 cm was considered for the analysis of water-sensitive papers, and a range of 70 cm to
110 cm for the analysis of filter papers.

Table 5. Mean coverage (%) and deposition (µg cm−2) obtained in crop trials for each section, depth,
and side considering the interval of heights between 80 cm and 120 cm. The percentage is calculated
relative to cm2 of covered surface.

Section Depth

Coverage (%) Deposition (µg cm−2)

ES NES ES NES

Exposed
Side

Unexposed
Side

Exposed
Side

Unexposed
Side

Exposed
Side

Unexposed
Side

Exposed
Side

Unexposed
Side

S1
D1 57.59 18.60 47.66 0.00 1.08 0.11 0.67 0.00
D2 56.69 0.00 42.28 0.00 0.72 0.00 0.47 0.00
D3 42.18 0.00 19.99 0.00 0.34 0.00 0.32 0.00

S2
D1 56.71 4.58 42.69 0.00 1.26 0.03 0.65 0.00
D2 48.03 0.06 35.27 0.00 0.43 0.04 0.16 0.00
D3 31.37 0.00 20.93 0.00 0.37 0.03 0.20 0.00

S3
D1 59.89 4.93 31.66 0.00 1.16 0.37 0.86 0.00
D2 20.34 0.00 13.66 0.00 0.12 0.02 0.09 0.00
D3 3.54 0.00 6.92 0.00 0.08 0.00 0.01 0.00

Coverage and deposition results were highly correlated in all cases, leading to consis-
tent conclusions regarding the performance of this prototype on tomato crops with varying
vegetation densities. However, some differences compared to laboratory assays were ob-
served. In this case, the effect of the electrostatic system connection was evident on the
side exposed to the spraying, regardless of the section and depth studied, in comparison to
NES configuration results. Conversely, although high coverage and deposition values were
achieved on the unexposed side under laboratory conditions, field results indicated a low
adherence capacity in hidden areas of the crop for all configurations studied. Specifically,
the average coverage on the unexposed side was only 18%, considering Section 1, which
had a lower density (LAI = 2.13) and depth 1 (D1), the closest position to the spray. In this
sense, high values of vegetation density in all sections must be considered.
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Figure 13 shows the total amount of manganese (µg) calculated for each depth, con-
sidering all filter papers along each post (twelve units, one per described height, with two
sides of the post) and their area (24 cm2). The comparison between the ES and NES config-
urations is presented for each depth and section separately. Although the most significant
differences were mainly observed on the exposed side, as previously highlighted by average
values, an overall increase in deposition was clear across all depths in sections S1 and S2,
with global increments of 60.87 µg and 82.4 µg, respectively, when working with charged
droplets. However, for the highest density, this difference was not appreciable in deeper
areas (D2 and D3). The absence of wind and the lack of excessive humidity levels in both
environments suggest that atmospheric factors were not responsible for the reduction in
the electrostatic system’s ability to cover unexposed areas of the crop. Instead, vegetation
density emerged as the primary influencing factor. High values of vegetation density in
all sections likely interfered with the electrostatic field, limiting the movement of charged
droplets towards target areas, such as the undersides of leaves. The dense foliage may have
caused charged droplets to disperse into adjacent zones rather than adhere effectively to
the intended target areas, particularly in less exposed regions of the crop. This dispersion,
combined with the inherent challenges of penetrating dense canopies, could explain the
observed reduction in coverage effectiveness in those hidden sections of the crop.
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In contrast to laboratory deposition assays, several studies have been conducted
to evaluate electrostatics in agricultural spraying under field conditions by combining
different configurations of application parameters depending on the typology of the stud-
ied equipment.

Few studies have been found that address the application of this technology in hand-
held equipment with hydraulic nozzles without incorporating air assistance. Some, such
as the study conducted by Laryea and No [18] evaluated the performance of a sprayer
equipped with a pressure swirl nozzle, operating at 4 kV, with droplet sizes of 116 µm and
a CMR of 0.27 mC kg−1, achieving an increase in deposition droplet by 1.3- to 2.3-fold.
Mamidi, Ghanshyam [14] similarly evaluated this type of nozzle on a knapsack sprayer,
operating at voltages of 3.25 kV and CMR values of 0.4 mC kg−1, achieving increases of
the same order as the previous authors, as well as a significant improvement in terms of
both quantity and uniformity. More recently, Gan-Mor, Ronen [25] worked with higher
voltages (10 kV) for similar droplet sizes, obtaining CMR values of 2.5 mC kg−1. In tests
conducted on a vineyard crop, they achieved increases in droplet deposition of 200% on
the undersides of the leaves and 500% on the rear of the grape clusters.
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This work presents similar results to many studies that have shown the NES configu-
ration to be ineffective on the undersides of leaves. However, there are some studies that
have observed greater penetration capability with the NES configuration in deeper parts
of the crop. For instance, Gupta and Duc [8] evaluated an air-assisted disc sprayer with
both the ES and NES configurations without air configurations, demonstrating enhanced
penetration with the NES configuration, working at 30 cm distance above the plants.

Focusing on electrostatic equipment evaluation at lower voltages and its impact
on deposition performance, those studies which involve pneumatic spraying, smaller
droplet sizes (around 30 µm to 60 µm), and CMR values around 10 mC kg−1 must be
mentioned. In this sense, promising results have been obtained for different crop conditions.
Mishra et al. [21] found that the droplet density on both the front and underside of leaves
significantly increased with the ES configuration compared to the NES (57.53% vs. 59.60%,
respectively). Pascuzzi and Cerruto [11] observed a 44% increase in total deposition
with the ES configuration in a tendone vineyard by applying the product in an upward
direction at a distance of approximately 0.5 m from the crop. However, this increase
was only associated with the lower layer since no significant differences in deposition
were found in the upper layer (from 0.016 µL cm−2 to 0.018 µL cm−2, p > 0.05). Identical
nozzles, mounted on a sprayer designed for a trellised vineyard, were evaluated by Salcedo
et al. [22] and compared with a conventional sprayer (VMD = 150 µm), reducing about
68% the applied volume compared to conventional sprayer, which also showed a lower
capability of penetration than the electrostatic sprayer. In contrast, some years later, Salcedo
et al. [38] carried out a comprehensive evaluation of three electrostatic devices in an apple
orchard, comparing ES vs. NES configurations for each one and finally concluding that
none of the observed differences in deposition values were associated with the effect of the
electrostatic system connection but were rather due to the equipment itself.

Another study worth mentioning is the one carried out by Sánchez-Hermosilla
et al. [24] on a greenhouse pepper crop. ES vs. NES configurations from a handheld
electrostatic sprayer, as well as a conventional application, were evaluated. In this case,
and locating the lance of the equipment similarly to the present work, higher deposition
values were observed with the ES configuration, followed by the conventional sprayer, and
lastly the NES configuration (0.86 µL cm−2, 0.58 µL cm−2, and 0.54 µL cm−2, respectively).
This trend was replicated on the underside of the leaves as well. In terms of soil losses, the
lowest values were those related to the ES configuration (2.12 µL cm−2), followed by the
NES configuration (2.62 µL cm−2), and the highest values were obtained for conventional
application (3.28 µL cm−2, p < 0.05 with respect to the ES and NES).

More recently, and also in tomato crops, Guo et al. [39] evaluated the influence of
charging voltage polarity, spray direction, and the effect of air assistance on the application
of electrostatic technology in terms of deposition, working with voltage ranges from 0 to
±10 kV and higher distances (from 1 m to 5 m). In this case, consistent with the present
study, they observed higher deposition with the use of the technology. Furthermore,
maximum deposition values were obtained in downward applications with air assistance.
This air-assisted effect was also confirmed by Zhou et al. [40] in the evaluation of an
electrostatic pneumatic nozzle on grapevine plants under laboratory conditions, working in
this case at 0.2 m, 0.6 m, and 1 m distance and maximum values of CMR of 1.97 mC kg−1,
obtained at 4 kV.

4. Conclusions

A comprehensive characterization and performance evaluation of an electrostatic
knapsack prototype, equipped with a hydraulic nozzle and operating at low voltage, were
conducted under both laboratory and field conditions.

Results revealed heterogeneous droplet size values when operating at 2 bar pressure.
This variability disappeared at higher pressures (4 bar and 6 bar), where droplet size
decreased significantly while the charge-to-mass ratio values increased exponentially,
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reaching a maximum of 0.38 mC kg−1. In this context, activating the electrostatic system
did not cause variations in droplet size.

No effect was observed on the horizontal distribution profile due to charged droplets;
however, the vertical distribution of the product was affected. The non-electrostatic system
(NES) configuration led to droplets falling before reaching the vertical patternator, resulting
in higher water volumes in collectors located closer to the ground. Therefore, although no
significant differences were observed in the total accumulated volume between configu-
rations, the connection of the electrostatic system provided better distribution across the
working width of the nozzle.

Under laboratory conditions, the effect of the electrostatic connection was clear, with a
66% increase in total deposition achieved using the electrostatic system (ES). Maximum
coverage values of approximately 60% were observed on the unexposed side of the ar-
tificial target at closer application distances (20 and 35 cm), compared to 0% with the
NES configuration.

Results from tomato crop trials continued to show greater product adherence with
the ES configuration overall on the surface layer of the crop and the side exposed to the
spraying. However, as the crop density increased, the penetration capability of the product
decreased, resulting in negligible deposition values for both electrostatic configurations (ES
and NES) in the deepest areas of the crop at high densities.

Overall, results suggest that this technology could be a feasible option for enhancing
treatment efficacy and integration into this type of equipment. However, the fact that in
field trials the improvement in deposition was mainly associated with the exposed side
of the crop highlights the need for additional trials. These should focus on evaluating the
increase in coverage on the hidden side of the leaves based on vegetation density and also
assess the performance of the prototype across different crop species and a wider range
of scenarios.
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