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Abstract

:

When pesticides are sprayed, a significant portion of the droplets drifts away from the target. Using an adjuvant in spray liquid is an easy option for reducing droplet drift because there is no need to make any changes to the sprayer. The objective of the study was to determine the effects of seven commercially available adjuvants (Surfeco plus, Starguar, Kantor, Sterling, Control, Control WM, and Control DUO) with varying active ingredients on droplet size, surface tension, and viscosity. Since these properties affect droplet formation, these adjuvants were evaluated in terms of their drift-reducing performance in a wind tunnel at various wind speeds (2.0, 3.5, and 5.0 m/s) and spray pressures (3, 4, and 5 bars). The ground and airborne components of drift were evaluated. With the use of a patternator, the potential for the ground drift of adjuvants was measured; for airborne drift, polyethylene lines that were stretched along the cross-section area of the wind tunnel at various heights were employed. The number of deposits of a tracer dye–adjuvant mixture that was sprayed on the polyethylene lines was measured via fluorometric methods for determining the airborne drift potential. The test results showed that the adjuvant Control Duo containing a polymer blend, which had the highest dynamic viscosity (4.27 mPa.s), increased the Dv0.5 droplet diameter up to 192 μm at 3 bar with nozzle XR11002. This adjuvant reduced the ground drift potential (Dc) by 60.53% compared to tap water. The maximum airborne drift potential reduction percentage (DPRP) was obtained as 85.76% with Surfeco plus containing organic silicone at a pressure of 3 bar and a wind velocity of 5 m/s. When considering the airborne drift-reduction potential of the adjuvants used, it was found that the adjuvants Control WM, Control, Starguar, and Surfeco plus significantly reduced the airborne droplet drift compared to spraying tap water.
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1. Introduction


The use of pesticides is an integral part of modern agriculture and contributes to the productivity and quality of cultivated crops. It has been estimated that the use of agrochemicals prevents a loss of up to 45% of the world crop production [1]. It is critical to apply agricultural pesticides efficiently and without drift (off-target pesticide depositions), which is the movement of sprayed chemicals to untargeted areas caused by wind. Drift-prone droplets may settle out of the nominal spray pattern of a nozzle in the field or be carried away by the wind to an out-of-field location not targeted for droplet evaporation. As a result, pesticide drift has the potential to cause direct harm to people, sensitive flora, wildlife, and water resources, resulting in inefficient pest control [2,3,4,5]. With inadequate pesticide application due to drift problems, the pesticide penetrates the target plant insufficiently, resulting in yield loss because the plant is not protected from pests; on the other hand, excessive pesticide deposition on the plants can result in phytotoxicity.



The primary factors influencing drift are a pesticide’s physical and chemical properties, the spray equipment and application method used, the droplet size, and meteorological conditions. The smaller a spray droplet is, the longer it stays in the air and the more likely it will be carried away by a crosswind [6]



There are numerous methods for reducing pesticide drift. The known methods are to replace the spray nozzles with low-drift-potential air-induction nozzles [7,8], to carry the droplets to the target with an auxiliary airflow [9,10,11], to direct the droplets to the target by charging them electrostatically [12,13], and to use the shield on the boom [14,15,16]. In addition to these techniques, farmers favor pesticides with various formulae for insect control. Some of these are additives while others have direct disease and pest control as their goal.



The droplet size is a very important parameter in the airborne drift phenomenon. The most serious drift hazard is usually caused by droplets less than 150 μm in diameter [17]. Some physical properties of liquid such as viscosity and surface tension of the spray affect the size of the droplets formed by the spray nozzles. Larger droplets are usually produced by spraying fluids with a high viscosity and surface tension [18]. The amount of pesticide on the targets can remain within acceptable limits by using appropriate equipment and spraying techniques under suitable weather conditions by optimizing parameters such as the sprayed liquid viscosity and surface tension, evaporation level with drift-reducing additives, and increased operator experience.



Today, most plant protection products (PPPs) are produced to reduce pesticide drift and pest control. In general, the adjuvant producers state that as the viscosity of their products increases in comparison to water, the droplet size of their products also increases, resulting in a decrease in the drift potential [19]. It is also important in terms of parameters such as the adhesion of adjuvants with different formulations used in pesticide application after spraying on the target surface, their spread on these surfaces, and the provision of evenness of distribution.



There are various commercial additives on the market with different formulas that are recommended for use with herbicides. The chemicals that are produced as anti-drift properties are mostly organophosphorus, polymer-added, or oil-based compounds. It is important to recognize and compare the field and laboratory experiments conducted using these newly designed chemicals. Many studies have been carried out to assess glyphosate drift and to compare it with the drift of other chemicals [20,21,22]. Nevertheless, the number of recently produced PPPs and additive chemicals increases day by day on the market. The potential of a formulated product in reducing spray drift can be identified by measuring the spray’s droplet size spectra at relevant concentrations. Choosing the proper adjuvant can be one of the main practices adopted to reduce the negative effects of spray drift as well as to improve safety and efficacy in pesticide applications [23]. Despite the fact that drift-minimizing adjuvants enhance a spray’s liquid viscosity and droplet size, it is unknown to what extent these additions minimize direct wind drift when compared to other ingredients of PPP chemicals. In addition, the active ingredients in adjuvants and the nozzle–adjuvant relationship are also important essential parameters in droplet formation. According to [24], the adjuvant Dicamba®–XR nozzle modification performed best when compared to TT and AIXR nozzles, showing a drift reduction of around 70%.



Droplet spectra, the active ingredient, and airborne drift evaluations of several adjuvants on the PPP market have mostly been studied; however, ground drift, airborne drift, and the active ingredient in adjuvant interactions have not been investigated well. The authors of [25] preferred and used spray pattern displacement (SPD) as a ground drift indicator. The researchers in [26] used collector polyethylene lines and evaluated them to detect airborne drift, realizing a reduction of 91%. The quantitative analysis method, fluorescent dye, and fluorometric method were used to determine the amount of pesticide reaching the ground as well as the number of droplets carried by the wind in the measurements.



In this study, the ground and airborne drift-reduction potential of seven adjuvants with different ingredients were investigated in a wind tunnel using an XR11002 nozzle. The effects of adjuvants on droplet size, spray viscosity, and surface tension were examined in terms of reducing both drift components.




2. Materials and Methods


2.1. Adjuvants


Adjuvants with different properties and chemical contents and that are well known on the market were considered in the study. A total of seven adjuvants were selected. The trade names, ingredients, and concentrations recommended by the manufacturers of the selected adjuvants are given in Table 1. In the experiments, each spray mixture was prepared according to the recommended concentration and then the viscosity, surface tension, and droplet sizes were measured. The wind tunnel experiments were also carried out according to the recommended concentrations of the selected adjuvants. All of the adjuvants had different active ingredients. In addition, as explained in the catalogs of their respective manufacturers, the adjuvants Surfeco plus and Control Duo had surfactant properties.



The surface tension and viscosity of each adjuvant were measured to determine the effect of the adjuvant mixtures on the droplet size. A drop shape analyzer (KRUSS) was used to measure the dynamic surface tension of the adjuvant mixtures on a polyethylene surface (PCE RVI2). A digital rotational viscosimeter was used for the viscosity measurements.



Droplet diameter measurements were also required to determine how large a droplet was generated by different adjuvant mixtures from a reference nozzle. A laser droplet analyzer (Malvern STP5399, Malvern, UK) was used to measure the diameter of the droplets. The recommended concentrations of each adjuvant were sprayed for 60 s. The droplet size spectra characteristics (including Dv0.1, Dv0.5, and Dv0.9) and the percentages of drift-prone droplets with diameters smaller than 55 μm, 100 μm, and 158 μm were measured. An XR11002 nozzle was used to evaluate each adjuvant at spray pressures of 3, 4, and 5 bars. The results were compared to measurements of tap water droplets. The droplet size measurements were carried out using standard test protocols [11].



The RS (relative span) of the droplet spectrum was calculated by using the following equation [19,26]:


  R S =    D  V 0.9   −  D  V 0.1      D  V 0.5      



(1)








2.2. The Wind Tunnel


The tests were conducted in a wind tunnel under controlled conditions. The wind tunnel was constructed of plywood with dimensions of 1.3 m in width, 1.2 m in height, and 5.5 m in length (Figure 1). The spraying was carried out from a height of 50 cm. An axial fan on the tunnel’s exit side generated an artificial wind inside the tunnel (Figure 1). Flow regulators were located at the entrance and exit of the wind tunnel and the flow in the tunnel was laminar. The air that entered the tunnel was discharged from the tunnel’s outlet side. The wind speed in the wind tunnel was adjusted using an inverter, which electronically adjusted the engine speed on a panel located in the tunnel. An anemometer with a telescopic antenna (Thies Clima, Göttingen, Germany) was used for the wind-speed measurements in the wind tunnel. The spraying system comprised an air compressor that pressurized the spraying liquid, a premix tank with 2/3 of its volume filled with spraying liquid, a pressure control valve, a solenoid valve, and a spray nozzle. In all of the experiments, the XR11002 spray nozzle (TeeJeT Co., Springfield, IL, USA) was used. Each spraying process had a one-minute duration that was set via a time relay. The relative humidity throughout the trials was kept constant at 50–60% [27] (Reichard et al., 1992). To achieve this, the tunnel was ventilated for three minutes after each experiment.



A patternator (spray table) that collected the spray from the nozzle was used on the floor of the tunnel to determine the spray-pattern displacement (ground drift) of each spray liquid when operating at various spray pressures and wind velocities. The patternator used in the study was 1 m × 1.5 m in size and had 30 ‘V’-type grooves that were in 5 cm wide and 5 cm height. The patternator was placed 1 m away from the wind tunnel’s suction side. The platform with the graduated cylinders that was under the wind tunnel could be easily moved along a rail.



The droplets suspended in the air (airborne drift) are one of the major losses in drift. In this regard, it was also critical to measure the airborne drift. To detect the airborne drift potential, a tracer dye containing 0.1% brilliant sulfaflavine (BSF) was sprayed on polyethylene lines that were hung along the cross-section area of the wind tunnel at different heights, as shown in Figure 1. The amount of the tracer–adjuvant mixture’s deposition was measured using fluorometric methods. BSF tracers were deposited on polyethylene lines, which were 2 mm in diameter and 120 cm in length and placed at 10 cm intervals on the vertical plane of a specially designed aluminum frame (120 × 120 cm). These polyethylene lines were located at a distance of 2 m from the nozzle tip. Airborne drift measurements were taken at five different heights (H1 = 0.1 m; H2 = 0.2 m, H3 = 0.3 m, H4 = 0.4 m, and H5 = 0.5 m) in the wind direction. Thus, the effect of the additives on airborne drift was evaluated by measuring the amount of tracer material drifted by the wind.




2.3. Wind Tunnel Experiments


Experiments were conducted to determine how the adjuvants affected the amount of drift-prone droplets produced by the same nozzle. To measure the ground and airborne drift-reduction potentials of the adjuvants, the XR11002 nozzle was operated at 3, 4, and 5 bar spray pressures and wind speeds of 2.0, 3.5, and 5.0 m/s. For each wind speed and pressure level, each adjuvant was tested using three replications.



To determine the ground drift potential of the adjuvants, the spray pattern displacement (SPD) was calculated by using Equation (2) [25]. According this equation, smaller Dc values represent lower ground drift potential of any adjuvant due to less shifting in the spray pattern according to the nominal pattern of nozzle used.


   D c  =    ∑  i = 1  i   V i   d i     ∑  i = 1  i   V i     



(2)




where i denotes the sequence number of the graduated cylinder that collected liquid in each groove, Vi indicates the liquid volume in the relevant graduated cylinder,    d i    is the distance from the midpoint of the active patternator located under the nozzle when there was no wind speed and where the highest amount of liquid was collected in volume by the relevant groove; since the space between each groove was 5 cm, the    d i    value was expressed as    5 i    –2.5 (cm).



According to this equation, higher Dc values imply greater displacements and consequently higher ground drift.



Before the airborne drift experiments, each adjuvant, tap water, and BSF mixture was prepared according to the recommended concentration and calibrated in a spectrophotofluorometer (Shimadzu AA6600, Kyoto, Japan) because each adjuvant mixture had a different fluorescence intensity. The excitation filter value for the adjuvants used in the experiments was 460 nm and the emission filter value was 500 nm. The calibration indicated how the adjuvants’ fluorescence qualities changed with concentration (Figure 2). Furthermore, via the calibrations, the fluorescence of each adjuvant was translated into mathematical formulae and curves, which were discovered to match the amount of substance in the spectrofluorometer with the light absorbed by each adjuvant.



To exhibit the magnitude of the airborne drift, the trace material depositions on the polyethylene lines were evaluated for each experiment. The mathematical curves for each adjuvant were used to determine the amount of tracer material deposited on the polyethylene lines. Each polyethylene line was properly placed in a separate glass jar. The distilled water containing a mixture with 100 mL of 30% methyl alcohol was poured into the jar and shaken by an oscillating shaker. The spectrophotofluorometer was used to determine the BSF concentration (μg/L) of the solution in the jars.



The airborne drift potential (DP) was calculated based on the first moment of the airborne spray profile measured at a distance of 2.0 m downwind of the nozzle. In [28], Grella et al. (2017) described the airborne effect via the following equation:


  D P =   ∑   n = 1  5     V i   h i     



(3)




where DP is the airborne drift potential based on a calculation of the first moment of the airborne deposit profile (μg m/mL);    V i    (μg/L) is the airborne deposit result at the collector polyethylene line; and    h i    is the height above the floor (0.10, 0.20, 0.30, 0.40, and 0.50 m for i values of 1, 2, 3, 4, and 5 (m), respectively).



DP values for the different other sprays (os) were compared with the equivalent results obtained from the reference spraying (rs) by calculating their airborne drift potential reduction percentage (DPRP, %). The DPRP of these other sprayings was expressed as the percentage reduction in their DP compared with the reference spraying and was calculated by using the following equation [29]:


  D P R P =     D  P  r s   − D  P  o s       D  P  r s      



(4)




where DPRP is the drift potential reduction percentage (%),   D  P  r s     is the drift potential of the reference spraying (μg/mL), and   D  P  o s     is the drift potential of one of the other sprayings (μg/mL).



In the experiments, the average data of the ground drift (Dc), airborne drift (DP) surface tension, viscosity, and Dv0.5 were analyzed using one-way ANOVA in the SPSS 20 program; the differences between the results were examined using the Tukey’s multiple-comparison test. Three replicates were carried out for each experiment. The data were separately analyzed to obtain descriptive statistics (mean and standard deviation). To determine the effects of pressure, adjuvant and pressure*adjuvant interaction on Dv0.5, a two-way ANOVA test was employed. In addition, a comparison of the ground spray drift with the effects of pressure, wind velocity and pressure x wind velocity interaction were also carried out using a two-way ANOVA test. After the analysis of variance, the least significant differences were calculated at a significance level of p = 0.05.





3. Results


3.1. Effects of Adjuvants on Viscosity and Surface Tension of Spray


The adjuvants used in the study increased the viscosity and decreased the surface tension (Table 2). The surface tension was lowest in the Control Duo and Surfeco plus adjuvants, which contained a polymer blend and organic silicone, respectively. These two adjuvants increased the viscosity to a greater degree than other adjuvants in the suggested concentration by their manufacturers due to their surfactant properties.




3.2. Effects of Adjuvants on the Droplet Diameter of Spray


The droplets produced by the XR11002 nozzle using each adjuvant were found to be larger than the droplets produced using tap water in the study (Table 3). For the droplet size measurements, 60 treatments were carried out for each experimental condition. The maximum percentages of the droplets that were smaller than 55 μm were obtained as 2.56% at a 3 bar spraying pressure, 3.99% at a 4 bar spraying pressure, and 4.95% at a 5 bar spraying pressure compared to the reference test liquid (water). Similarly, the maximum percentage of the droplets that were smaller than 158 μm were 51.67%, 53.33%, and 57.11% obtained at 3, 4, and 5 bar pressure, respectively, compared to tap water. The relative span values of the Control Duo and Kantor were high, which implied a wide droplet spectrum.



A statistical comparison of the droplet sizes of various adjuvants and the effects of pressure, adjuvant, and pressure x adjuvant interaction is presented in Table 4. As a result, compared to other liquids, tap water produced statistically smaller droplet sizes with the XR11002 nozzle. The adjuvants Starguar and Surfeco plus produced droplet sizes that were larger at each spray pressure. As expected, an increase in the spray pressure resulted in a decrease in the droplet sizes for all adjuvants selected.




3.3. Effects of Adjuvants in Reducing the Potential for Ground Spray Drift


In the wind tunnel experiments, the Dc values were calculated using data collected in the graduated cylinders. As shown in Table 5, pressure, wind velocity, and presure x wind velocity interaction were statistically significant. All adjuvants showed less drift than the reference test liquid of tap water. The drift was observed to increase particularly at a high spray pressure and at high wind speeds. It was found that the Dc values of the Control Duo were the lowest except for 3 bar at 2 m/s and 3 bar at 3.5 m/s. In addition, Control Duo was statistically different from the other mixtures in its Dc value except for Starguar and Control WM. The adjuvant Surfeco plus was also statistically different from the tap water, but the Dc value of this adjuvant was mostly the highest compared to other adjuvants.



The percentages of reduction in the Dc caused by the adjuvants in comparison to the reference test liquid (tap water mixture) are shown in Table 6. As a result, we determined that the Control Duo adjuvant reduced the ground drift by up to 60.53% and that this adjuvant had mostly the highest ground drift reduction. The lowest ground drift reduction compared to tap water was obtained as 25.06% at 3 bar and 3.5 m/s with Sterling. The adjuvant Surfeco plus had the lowest ground drift reduction compared to the other adjuvants.




3.4. Effects of the Adjuvants on the Reduction of Airborne Drift Potential of Spray


We determined the airborne drift deposition as an amount of BSF in the solution at 3 bar pressure; the results are given for 2 m/s in Figure 3a, 3.5 m/s in Figure 3b, and 5 m/s in Figure 3c. Considering the graphs of the adjuvants deposited at different heights, the Control treatment was deposited in a lower amount than other adjuvants at the 0.0–0.3 m height at 3 bar and 2 m/s. At the heights of H1 and H2, the Control Duo and Kantor adjuvants were more effective than tap water and resulted in fewer airborne deposits. We calculated the average of the data from the five heights and found no statistical difference between Control Duo, Kantor, and tap water. The Control WM, Control, and Surfeco plus adjuvants had the lowest airborne drift. In the experimental conditions of nozzle pressure at 3 bar and wind velocity at 3.5 m/s, the droplets that were deposited at different heights were observed to increase. Based on an average of the five heights (H1, H2, H3, H4, and H5), the Control WM, Control, Starguar, and Surfeco plus adjuvants were more effective. In particular, the Control WM, Control, and Surfeco plus adjuvants drifted less than other adjuvants, particularly in the H1 to H3 range. Furthermore, it was clear that each adjuvant reduced drift and yielded a statistical difference compared to tap water. After the wind speed was increased to 5 m/s under a constant spraying pressure, the number of droplets deposited on the polyethylene lines increased further (Figure 3c). Despite the increase in wind speed, the Control WM, Starguar, and Surfeco plus adjuvants caused less drift at H1. Based on the average of the five heights, Control WM, Starguar, and Surfeco were also statistically different. Furthermore, it was discovered that each adjuvant caused less drift than tap water. As the wind velocity increased at a constant nozzle pressure of 3 bar, the deposition of the spraying liquid at each height was also increased.



In the experiments, when the nozzle pressure was increased from 3 bar to 4 bar, the droplet sizes for each liquid decreased and the exit velocity of the droplets from the nozzle increased. When the drifts in the 4 bar and 2 m/s and 3 bar and 2 m/s experimental conditions were compared, we found that the drift increased significantly due to the decrease in the droplet diameter (Figure 4a). The amount of the trace material that was deposited at different heights increased. In the operating conditions of 4 bar pressure and 2 m/s wind velocity, the effectiveness of the Control and Surfeco plus adjuvants was better both at the H1 and in the average of all heights. The drift increased after the wind speed in the tunnel was increased to 3.5 m/s compared to the 2 m/s test condition (Figure 4b). In this case, less drift was observed for each adjuvant compared to the tap water. At H1 and H2, the Control WM, Starguar, and Surfeco plus adjuvants were deposited in lower amounts than the other adjuvants. The drift rise was higher when the air velocity in the wind tunnel was 5 m/s and the spray pressure was 4 bar (Figure 4c). The efficiency of Control Duo decreased especially at the initial H1, and even at certain heights, it exhibited qualities comparable to those of tap water. However, this adjuvant showed statistically less drift than tap water on average. Consequently, it was statistically observed that the Control WM, Starguar, and Surfeco plus adjuvants significantly decreased the drift on average.



When the results of the test conditions of a spray pressure of 5 bar and wind speed of 2 m/s and a spray pressure of 4 bar and wind speed of 2 m/s were compared, we found that the airborne drift increased at all heights and that the Control Duo adjuvant was deposited more than tap water at a height of 0.2 m above the ground (Figure 5a). The Control WM, Control, Starguar, Sterling, and Surfeco plus adjuvants reduced the drift on average for the five heights. The droplet sizes deposited at various heights increased after the test conditions were altered to 5 bar and 3.5 m/s. At the heights of H1, H2, H3, and H4, Control Duo was inadequate to reduce drift. The efficacy of the Control WM adjuvant was decreased, as shown in Figure 5b. In addition, Surfeco plus was more resistant to drift at the heights of H1, H2, and H3. The efficacy of the Control WM adjuvant was decreased at 0.0–0.3 m, but this adjuvant was better on average. The Control WM, Control, Starguar, and Surfeco plus adjuvants were statistically significant and their drifts were reduced on average compared to other adjuvants. When the wind speed was increased to 5 m/s and the spray pressure was kept constant at 5 bar in the wind tunnel, the number of droplets deposited on all the polyethylene lines increased (Figure 5c). We discovered that on average, there was no difference between the tap water (reference fluid) and the Control Duo adjuvant. In this scenario, Surfeco plus was stable and resisted drift well; the minimum airborne drift was obtained by this adjuvant. The Control WM, Control, Starguar, and Surfeco plus adjuvants, on the other hand, had statistically higher efficiencies and decreased the drift.



We used the drift potential (DP) and drift potential reduction percentage (DPRP) (compared to the reference liquid of tap water) as other evaluation parameters. As shown in Table 7, the wind velocity and pressure increase affected the airborne drift potential directly for each adjuvant. The Control, Control WM, Starguar, and Surfeco plus adjuvants had lower airborne drift potentials. In some experiments, the DP of the Control Duo was worse than that of tap water. Hence, the DPRP value of the Control Duo had a negative (-) sign. The maximum DPRP value was obtained as 85.76% with the Surfeco plus adjuvant at a 3 bar pressure and 5 m/s wind velocity. The increase in nozzle pressure or wind velocity resulted in the higher DP value.





4. Discussions


Viscosity and surface tension are the main parameters that affect droplet generation [30]. The viscosities of the adjuvants were higher than that of tap water and the surface tension of each adjuvant was lower than that of tap water. We found that the adjuvants used in our research reduced the surface tension. Due to this, coarser droplets were produced because the surface tension of the adjuvant spray decreased. The Control Duo and Surfeco plus adjuvants are regarded as drift guards but were also designed as surfactants. These adjuvants’ surface tension values were lower than others. We detected that surface tension reducers generally decreased the surface tension of pure water by 30 to 50 mN/m [31,32]. The Control Duo, Control WM, and Surfeco plus adjuvants had the highest viscosities. Coarser droplets also occurred when the viscosity increased. The authors of [33] measured the droplet sizes produced by spraying 33 drift-reducing additives in various combinations using a Teejet XR8003 nozzle at a 200 kPa pressure. They found that the viscosity had a significant impact on the droplet formation. As a result, the adjuvants could reduce the spray’s airborne and ground drift potential by increasing the droplet sizes.



The present study measured the droplet sizes produced using the XR11002 nozzle and each adjuvant. The drift-prone droplet percentage of the tap water was mostly the highest. According to the ASABE S572.1 Droplet Size Classification standard, each droplet size was ‘’Fine’’ in spray quality. It can be easily seen that the droplet size measurements showed that each adjuvant made the droplets coarser statistically.



The ground drift of the spray pattern for each adjuvant was calculated in the current study as the Dc value, which was compared with that of the reference liquid (tap water). Generally, the Control Duo, Control WM, and Starguar adjuvants were effective in reducing the spray pattern displacement (SPD). Even though the wind velocity remained constant, increasing the spray pressure resulted in a rise in both spray drift potentials because the higher pressure reduced the droplet sizes in the spray pattern as expected. On the other hand, the increases in wind velocity also increased the drift. The researchers in [34] reduced the drift by 39% in a wind tunnel by using spreaders and adhesives. In the present work, the maximum drift reduction of 60.53% was obtained using the Control Duo adjuvant, which had the maximum drift reduction potential in all experiments.



As the droplet diameters decreased depending on the increase in pressure in the present study, the number of droplets deposited on the airborne drift sampling polyethylene lines increased. Similarly, when the wind speed at the same pressure increased, so did the amount of deposits on the polyethylene line targets. Depositions of all of the experiment liquids were the maximum at H1; as the height of the polyethylene line increased, the deposition of the mixture on the polyethylene lines decreased. As result, the deposition on each polyethylene line and the average of the five polyethylene lines were statistically compared. According to these comparisons, all adjuvants were statistically different from the reference tap water. However, the Control WM, Control, Starguar, Sterling, and Surfeco plus adjuvants were also more remarkable.



The spray pattern displacement (Dc) and airborne drift values of these adjuvants could differ according to the nozzle type. The drift-prone droplets that were produced using Control Duo were maximized at 5 bar and 53.97% of the droplets were smaller than 158 μm. Control Duo reduced the spray pattern displacement (Dc) by 60.53%, but it was discovered that this adjuvant was ineffective in airborne drift. However, the Sterling and Control WM adjuvants, which were in harmony with the XR11002 nozzle, were effective both in airborne and spray pattern displacement (SPD). The nozzle geometry–adjuvant relationship was another parameter that affected the droplet generation [30]. The authors of [18] emphasized that using a formulation to influence spray drift exists only in combination with the nozzle design. The drift-prone droplet amount decreased with the adjuvant usage in the present study. The relative span values of the Control Duo and Kantor adjuvants were high, which implied a wide droplet spectrum. Even though Control Duo increased the droplet sizes, this adjuvant also lowered the spray pattern displacement. A wide droplet spectrum signaled variability in the droplet sizes, and this increased the airborne drift.



The DP value that was calculated to compare the drift potential of the adjuvants was an indicator of the airborne drift in the present study. As the nozzle pressure and the wind velocity were increased, the DP values also increased for each adjuvant. According to [35], an adjuvant with an organic silicone ingredient was the best for creating a larger droplet size. The Sterling adjuvant with an organic silicone ingredient was also less drift-prone. Similarly, in the present study, the maximum DPRP value was obtained as 85.76% with the Surfeco plus adjuvant containing organic silicone at a 3 bar pressure and 5 m/s wind velocity in the airborne drift evaluation. The researchers in [35] also found that a methylated oil-based adjuvant that decreased the surface tension produced a coarser droplet. The authors of [36] found that nonionic and polyvinyl polymer-added drift-reducing additives reduced the droplet drift compared to water spraying. In the present study, the Starguar adjuvant was methylated and oil-based while the Control adjuvant contained a polyvinyl polymer. The Control and Starguar adjuvants did not have a DPRP value as high as that of the Control WM adjuvant, which is based on glyphosate. The Surfeco plus adjuvant, which decreased the surface tension and increased the droplet size, also reduced the drift.




5. Conclusions


The major conclusions of this research can be summarized as follows:




	(1)

	
As predicted, drift-guard adjuvants lowered the surface tension and increased the viscosity. It was possible to produce coarser droplets under the same conditions by using adjuvants.




	(2)

	
Drift-prone droplets (<100 μm) were decreased by using an adjuvant compared to using tap water due to coarsening of the droplets.




	(3)

	
The ground spray drift was decreased by using adjuvants. As the pressure and the wind velocity increased, the Dc value also increased. The Control Duo adjuvant reduced the ground drift by up to 60.53%.




	(4)

	
As the height of the polyethylene lines increased, the deposition on those lines decreased. Increases in the pressure and wind velocity caused deposition increases for each height. The maximum DPRP value was obtained as 85.76% with the Surfeco plus adjuvant containing organic silicone.
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Figure 1. Representation of the sampling methods in the wind tunnel for ground and airborne drift measurement tests. 
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Figure 2. Spectrophotofluorometer calibration curves for each adjuvant used. 
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Figure 3. Comparison of adjuvant spray droplets captured at 3 bar from different heights in 2 m/s (a), 3.5 m/s (b), and 5 m/s (c) wind velocity test conditions. Different letters in the same columns indicate significant differences at the p < 0.05 level. 






Figure 3. Comparison of adjuvant spray droplets captured at 3 bar from different heights in 2 m/s (a), 3.5 m/s (b), and 5 m/s (c) wind velocity test conditions. Different letters in the same columns indicate significant differences at the p < 0.05 level.



[image: Agronomy 12 02377 g003]







[image: Agronomy 12 02377 g004a 550][image: Agronomy 12 02377 g004b 550] 





Figure 4. Comparison of adjuvant spray droplets captured at 4 bar from different heights in 2 m/s (a), 3.5 m/s (b), and 5 m/s (c) wind velocity test conditions. Different letters in the same columns indicate significant differences at the p < 0.05 level. 






Figure 4. Comparison of adjuvant spray droplets captured at 4 bar from different heights in 2 m/s (a), 3.5 m/s (b), and 5 m/s (c) wind velocity test conditions. Different letters in the same columns indicate significant differences at the p < 0.05 level.



[image: Agronomy 12 02377 g004a][image: Agronomy 12 02377 g004b]







[image: Agronomy 12 02377 g005a 550][image: Agronomy 12 02377 g005b 550] 





Figure 5. Comparison of adjuvant spray droplets captured at 5 bar from different heights in 2 m/s (a), 3.5 m/s (b), and 5 m/s (c) wind velocity test conditions. Different letters in the same columns indicate significant differences at the p < 0.05 level. 
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Table 1. The seven adjuvants with their active ingredients and recommended concentrations used in the study.
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	Commercial

Name
	Producing

Company
	Active

Ingredient
	Property
	Recommended

Concentration

(mL/L)





	Surfeco plus
	Momentive (New York, NY, USA)
	Organic silicone
	Drift guard
	0.15



	Starguar
	Solvay (Lyon, France)
	Methylated oil-based
	Drift guard
	0.25



	Kantor
	İnteragro (London, UK)
	Alkoxylated triglycerides
	Drift guard
	0.15



	Sterling
	İnteragro (London, UK)
	Triglycerides
	Drift guard
	0.25



	Control
	Garrco (Indiana, IN, USA)
	Polyvinyl polymer
	Drift guard
	0.25



	Control WM
	Garrco (Indiana, IN, USA)
	MAX glyphosate
	Drift guard
	0.25



	Control DUO
	Garrco (Indiana, IN, USA)
	Polymer blend
	Drift guard
	0.25
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Table 2. Surface tensions and viscosities of adjuvants that were measured at the recommended concentration with water.
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	Tap

Water
	Control Duo
	Control WM
	Kantor
	Control
	Starguar
	Sterling
	Surfeco Plus





	Surface Tension (mN/m)
	75.23 ± 0.1 a
	21.94 ± 0.07 b
	40.57 ± 0.3 c
	45.49 ± 0.11 c
	47.19 ± 0.09 c
	34.81 ± 0.04 bc
	44.37 ± 0.14 c
	21.71 ± 0.06 b



	Viscosity (mPa.s)
	1.00 ± 0.13 a
	4.27 ± 0.11 b
	2.74 ± 0.14 c
	1.52 ± 0.07 d
	1.42 ± 0.16 d
	1.63 ± 0.17 d
	1.38 ± 0.08 d
	3.24 ± 0.06 cd







Different letters in the same rows indicate significant differences at the p < 0.05 level.
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Table 3. Comparison of droplet diameters of adjuvants and tap water obtained with XR11002 nozzle at different pressures and percentages of drift-prone droplets.






Table 3. Comparison of droplet diameters of adjuvants and tap water obtained with XR11002 nozzle at different pressures and percentages of drift-prone droplets.














	Mixture
	Pressure

(bar)
	Dv0.5 (μm)
	<55 μm (%)
	<100 μm (%)
	<158 μm (%)
	Relative

Span





	Tap Water
	3
	156
	2.56
	19.98
	51.67
	1.32



	
	4
	149
	3.99
	20.81
	53.33
	1.34



	
	5
	144
	4.95
	24.82
	57.11
	1.31



	Control
	3
	192
	1.23
	9.01
	34.85
	1.32



	
	4
	166
	1.73
	16.08
	45.18
	1.33



	
	5
	153
	2.14
	21.35
	48.87
	1.33



	Control WM
	3
	183
	1.50
	22.08
	38.74
	1.36



	
	4
	169
	2.64
	22.20
	46.35
	1.33



	
	5
	156
	2.97
	23.80
	51.79
	1.34



	Control Duo
	3
	185
	1.53
	16.55
	37.03
	1.63



	
	4
	168
	2.92
	22.60
	45.48
	1.68



	
	5
	147
	3.11
	27.02
	53.97
	1.64



	Surfeco plus
	3
	191
	1.44
	14.33
	33.99
	1.29



	
	4
	179
	2.92
	22.61
	44.93
	1.34



	
	5
	159
	3.07
	27.28
	49.82
	1.31



	Sterling
	3
	192
	1.63
	17.60
	33.56
	1.26



	
	4
	178
	3.01
	23.36
	41.71
	1.32



	
	5
	165
	2.6
	22.78
	47.33
	1.31



	Kantor
	3
	188
	1.27
	13.24
	41.39
	1.63



	
	4
	182
	3.47
	22.48
	44.52
	1.63



	
	5
	160
	2.90
	21.91
	49.41
	1.66



	Starguar
	3
	191
	1.12
	14.32
	33.82
	1.42



	
	4
	175
	2.76
	22.20
	43.53
	1.41



	
	5
	166
	3.33
	23.20
	46.97
	1.43
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Table 4. Effects of adjuvants on droplet diameter Dv0.5 and interactions.
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Pressure (Bar)

	
Tap Water

	
Control

	
Control WM

	
Control Duo

	
Surfeco Plus

	
Sterling

	
Kantor

	
Starguar




	

	
Dv0.5

(μm)

	
Dv0.5

(μm)

	
Dv0.5

(μm)

	
Dv0.5

(μm)

	
Dv0.5

(μm)

	
Dv0.5

(μm)

	
Dv0.5

(μm)

	
Dv0.5

(μm)






	
3

	
156 ± 0.2 a

	
192 ± 0.1 c

	
183 ± 0.3 b

	
185 ± 0.1 b

	
191 ± 0.2 c

	
192 ± 0.4 c

	
188 ± 0.4 bc

	
191 ± 0.2 c




	
4

	
149 ± 0.3 a

	
166 ± 0.2 b

	
169 ± 0.3 b

	
168 ± 0.2 b

	
179 ± 0.4 c

	
178 ± 0.3 c

	
182 ± 0.2 c

	
175 ± 0.1 c




	
5

	
144 ± 0.4 a

	
153 ± 0.4 bc

	
156 ± 0.1 c

	
147 ± 0.1 ab

	
159 ± 0.3 c

	
165 ± 0.1 d

	
160 ± 0.3 c

	
166 ± 0.3 d




	
Interactions

	
F

	
dF

	
p




	
Pressure *

	
16.52

	
2

	
0.00




	
Adjuvant *

	
3.63

	
7

	
0.03




	
Pressure × Adjuvant *

	
1.55

	
14

	
0.00








Different letters in the same rows indicate significant differences at the p < 0.05 level. F values and significance level; * p < 0.05 significance.
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Table 5. Statistical comparison of the calculated spray pattern displacement values and interactions.
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Pressure (Bar)

	
Wind Velocity (M/S)

	
Tap Water

	
Control Duo

	
Control WM

	
Kantor

	
Control

	
Starguar

	
Sterling

	
Surfeco Plus




	

	

	
Dc (cm)

	
Dc (cm)

	
Dc (cm)

	
Dc (cm)

	
Dc (cm)

	
Dc (cm)

	
Dc (cm)

	
Dc (cm)






	
3

	
2

	
24.28 a

	
13.21 b

	
12.01 b

	
14.76 b

	
12.34 b

	
13.08 b

	
16.20 c

	
16.01 c




	
3

	
3.5

	
27.84 a

	
14.63 b

	
12.48 b

	
15.26 b

	
17.07 bc

	
13.46 b

	
20.86 c

	
18.20 c




	
3

	
5

	
29.35 a

	
15.87 b

	
18.25 c

	
19.75 c

	
19.75 c

	
16.74 b

	
18.38 c

	
20.20 c




	
4

	
2

	
28.19 a

	
13.23 b

	
13.33 b

	
15.31 b

	
14.68 b

	
13.21 b

	
15.53 b

	
14.85 b




	
4

	
3.5

	
32.23 a

	
13.87 b

	
14.63 b

	
16.29 bc

	
16.86 bc

	
16.66 bc

	
16.55 bc

	
18.09 c




	
4

	
5

	
33.85 a

	
15.06 b

	
17.69 b

	
18.76 bc

	
20.87 c

	
15.64 b

	
17.58 b

	
21.39 c




	
5

	
2

	
31.25 a

	
13.36 b

	
14.52 b

	
14.05 b

	
14.64 b

	
14.09 b

	
14.53 b

	
17.66 b




	
5

	
3.5

	
33.37 a

	
13.17 b

	
13.71 b

	
15.94 b

	
18.48 bc

	
15.11 b

	
14.81 b

	
19.92 c




	
5

	
5

	
34.05 a

	
14.95 b

	
16.36 b

	
17.71 b

	
17.14 b

	
17.42 b

	
16.94 b

	
23.21 c




	
Interactions

	
F

	
df

	
p




	
Pressure *

	
0.36

	
2

	
0.03




	
Wind Velocity *

	
9.74

	
2

	
0.01




	
Pressure × Wind Velocity *

	
0.15

	
4

	
0.03








Different letters in the same rows indicate significant differences at the p < 0.05 level. F values and significance level; * p < 0.05 significant.
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Table 6. Ground drift reduction percentages (%) of adjuvants compared to the reference water spray.
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	Pressure (Bar)
	Wind

Velocity (M/S)
	Control Duo (%)
	Control WM (%)
	Kantor

(%)
	Control (%)
	Starguar (%)
	Sterling

(%)
	Surfeco Plus (%)





	3
	2
	45.57
	50.53
	39.20
	49.18
	46.12
	33.27
	34.04



	3
	3.5
	47.46
	55.16
	45.17
	38.68
	51.65
	25.06
	34.63



	3
	5
	45.95
	37.83
	32.72
	32.70
	42.97
	37.38
	31.17



	4
	2
	53.05
	52.72
	45.67
	47.91
	53.14
	44.90
	47.31



	4
	3.5
	56.97
	54.62
	49.44
	47.70
	48.32
	48.64
	43.86



	4
	5
	55.50
	47.75
	44.57
	38.35
	53.79
	48.06
	36.82



	5
	2
	57.26
	53.55
	55.04
	53.17
	54.92
	53.51
	43.48



	5
	3.5
	60.53
	58.93
	52.22
	44.63
	54.72
	55.61
	40.31



	5
	5
	56.09
	51.95
	48.00
	49.65
	48.86
	50.25
	31.84
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Table 7. The drift potential (DP) and drift potential reduction percentage (DPRP) values for each adjuvant.
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Control Duo

	
Control WM

	
Kantor

	
Control

	
Starguar

	
Sterling

	
Surfeco Plus




	
Pressure (bar)

	
Wind Velocity (m/s)

	
DP

	
DPRP (%)

	
DP

	
DPRP (%)

	
DP

	
DPRP (%)

	
DP

	
DPRP (%)

	
DP

	
DPRP (%)

	
DP

	
DPRP (%)

	
DP

	
DPRP (%)






	
3

	
2

	
6.76

	
−0.02

	
1.52

	
77.55

	
6.21

	
7.99

	
1.18

	
82.58

	
2.77

	
59.02

	
5.34

	
20.90

	
1.77

	
73.82




	
3

	
3.5

	
7.74

	
39.62

	
2.14

	
83.30

	
7.49

	
41.62

	
1.91

	
85.13

	
2.63

	
79.46

	
5.68

	
55.72

	
2.25

	
82.45




	
3

	
5

	
12.95

	
35.54

	
3.75

	
81.33

	
8.13

	
59.55

	
6.06

	
69.84

	
3.37

	
83.25

	
11.73

	
41.60

	
2.86

	
85.76




	
4

	
2

	
7.16

	
35.39

	
2.84

	
74.36

	
7.40

	
33.21

	
1.98

	
82.09

	
2.91

	
73.74

	
7.33

	
33.84

	
2.48

	
77.66




	
4

	
3.5

	
9.53

	
41.74

	
2.64

	
83.86

	
9.54

	
41.67

	
4.79

	
70.71

	
3.40

	
79.22

	
8.78

	
46.36

	
3.54

	
78.37




	
4

	
5

	
20.75

	
2.82

	
4.97

	
76.72

	
8.89

	
58.37

	
7.84

	
63.27

	
4.26

	
80.04

	
13.11

	
38.60

	
5.79

	
72.88




	
5

	
2

	
14.58

	
−15.29

	
2.98

	
76.43

	
8.94

	
29.35

	
3.76

	
70.29

	
3.34

	
73.57

	
5.22

	
58.74

	
3.35

	
73.56




	
5

	
3.5

	
22.93

	
−26.83

	
6.19

	
65.78

	
12.38

	
31.51

	
6.40

	
64.62

	
5.09

	
71.83

	
9.40

	
48.04

	
3.96

	
78.11




	
5

	
5

	
24.39

	
3.05

	
6.16

	
75.51

	
12.10

	
51.92

	
9.64

	
61.69

	
5.92

	
76.46

	
16.72

	
33.52

	
4.89

	
80.55
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