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Currently, UAV spraying pesticides is a popular issue in Asian countries. How to improve
pesticide efficiency of UAV spraying has been concerned by many researchers. The
property of spraying solutions is one of the caused concerns due to small droplets and high
drift potential of UAV spraying. The wetting property of droplets on crop leaves is a key
factor that affects the spraying efficiency of pesticides. Tank-mix adjuvants, which might
alter liquid’s wetting ability on crop leaves, are coupled with UAVs for foliar application to
enhance pesticide efficiency. However, different types and concentrations of adjuvants
may have different impacts on the wetting properties of droplets. In this paper, we
investigated the effects of four tank-mix adjuvants, BDT, VP, NJF and LY, on the dynamic
Contact Angle (CA) values of droplets on the adaxial surface of wheat leaves. We
measured the dynamic CA values of various concentrations of each adjuvant solution and
determined the optimal concentrations based on the CA values, droplet spreading time
and cost. The results indicated that adding any of the four adjuvants significantly reduced
the CA values. However, the CA decrease- pattern varied among the four adjuvants. The
CAs of BDT and VP solutions showed slight or stable decrease during the observing time
(0-8.13 seconds), while these of NJF and LY solutions experienced rapid decrease
throughout the observation period. According to the dynamic CA values of different
concentrations, the optimal concentrations of BDT, DDE, NJF and LY for field application in
wheat were 12%, 16%, 6‰ and 0.3‰, respectively. Alkoxy modified polytrisiloxane
adjuvant (LY) could be recommended as an appropriate tank-mix adjuvant for wheat filed
application after considering spreading efficiency and cost. This study provides theoretical
and practical guidance for selecting and optimizing tank-mix adjuvants for drone spraying.
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22 Abstract:

23 Currently, UAV spraying pesticides is a popular issue in Asian countries.  How to improve 

24 pesticide efficiency of UAV spraying has been concerned by many researchers. The property of 

25 spraying solutions is one of the caused concerns due to small droplets and high drift potential of 

26 UAV spraying. The wetting property of droplets on crop leaves is a key factor that 

27 affects the spraying efficiency of pesticides. Tank-mix adjuvants, which might alter 

28 liquid�s wetting ability on crop leaves, are coupled with UAVs for foliar application 

29 to enhance pesticide efficiency. However, different types and concentrations of 

30 adjuvants may have different impacts on the wetting properties of droplets. In this 

31 paper, we investigated the effects of four tank-mix adjuvants, BDT, VP, NJF and LY, 

32 on the dynamic Contact Angle (CA) values of droplets on the adaxial surface of wheat 

33 leaves. We measured the dynamic CA values of various concentrations of each 

34 adjuvant solution and determined the optimal concentrations based on the CA values, 

35 droplet spreading time and cost. The results indicated that adding any of the four 

36 adjuvants significantly reduced the CA values. However, the CA decrease- pattern 

37 varied among the four adjuvants. The CAs of BDT and VP solutions showed slight or 

38 stable decrease during the observing time (0-8.13 seconds), while these of NJF and 

39 LY solutions experienced rapid decrease throughout the observation period. 
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40 According to the dynamic CA values of different concentrations, the optimal 

41 concentrations of BDT, DDE, NJF and LY for field application in wheat were 12%, 

42 16%, 6� and 0.3�, respectively. Alkoxy modified polytrisiloxane adjuvant (LY) could be 

43 recommended as an appropriate tank-mix adjuvant for wheat filed application after 

44 considering spreading efficiency and cost.This study provides theoretical and 

45 practical guidance for selecting and optimizing tank-mix adjuvants for drone 

46 spraying.

47 Keywords: contact angle; tank-mix adjuvant; UAV; wheat leaf.

48

49 Introduction

50 Crops are always suffered from the continuous invasion and attacked by pests, diseases and weeds 

51 and the application of pesticides are usually adopted to maintain crop output(Matthews& Thomas, 

52 2000;Zhu et al., 2019). Foliage application of pesticides is one of the most efficient approaches to 

53 keep arable crops from the harmful damages of pests and diseases(Jensen &Olesen, 2014). During 

54 the foliage application, how much a pesticide solution wets a leaf depends on both the properties 

55 of the liquid (pesticide solution) and the solid substrate (crop leaf)(Quetzeri-Santiago, et al., 

56 2020).Crop leaves are the main part of plants to receive droplets in the process of foliage 

57 application. The ability of crop leaves to retain droplets has been proofed to influence pesticide 

58 efficacy significantly(Fountain, Harris& Cross, 2010; Fang et al.,  2019). The ability of a crop 

59 leaf to retain water on its surface is regarded as leaf wettability(Fernández et al., 

60 2014;Papierowska et al., 2018; Cavallaro et al., 2022). The wettability of a crop leaf could be 

61 changed by the physicochemical properties of a liquid(Sanyal , Bhowmik&Reddy, 2006; 

62 Nairn,Forster&Van Leeuwen, 2011; Da Silva Santos et al., 2021). Contact angle (CA) is 

63 commonly recognized as a key metric to describe the ability of a liquid to wet the crop leaf(Wang 

64 et al.,2016;Song et al., 2022). In this study, a CA refers specifically to the angle a liquid form 

65 between the interface of leaf surface and liquid and the tangent to the liquid surface (Fig. 1). The 

66 larger the wetting tendency is, the smaller the CA is. A liquid that forms a CA smaller than 90° is 

67 categorized as a wetting liquid, while a liquid that forms a CA between 90° and 180° is a non-

68 wetting liquid.  On the other hand, if a liquid creates a CA between 0° and 90° on a crop leaf, the 

69 crop leaf is hydrophilic, otherwise, the crop leaf is hydrophobic(Jeevahan et al., 2018). In the case 

70 of a hydrophilic crop leaf, i.e., wettable leaf, the droplet dissipates over its surface quickly and 

71 dries faster. However, in the case of a hydrophobic crop leaf, droplet does not spread but retain its 

72 shape on the leaf surface, which would result in droplet running off the surface easily. Furthermore, 

73 the non-spreading droplets take a longer time to dry, which will create favorable conditions for the 

74 growth and spread of plant pathogens(Rowlandson et al., 2018).Therefore, a wetting liquid is 

75 required to obtain a satisfactory biological control efficiency during a pesticide spraying 

76 application on a hydrophobic crop(Meng et al., 2022).

77 As mentioned above, the wettability of crop leaf could be changed by the physicochemical 

78 properties of spray liquid, which influence the effectiveness of pesticides directly(Zhang et al., 

79 2017;Sobiech et al., 2020). The use of tank-mix adjuvant can alter the physical and chemical 
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80 properties of the spray liquid by reducing CA value and surface tension, mitigating the negative 

81 effect of PH, enlarging droplet size, and so on, which result in facilitating the spray liquid to spread 

82 on crop leaf and improve the efficiency of pesticides(He et al., 2021). 

83 Normally, nozzles of agricultural UAVs are at an altitude of 2 to 3 m above crop canopy, while 

84 these of ground-based sprayer is at around 0.5 m above crop canopy. Longer distance between 

85 nozzles and target crop canopy and unexpected crosswind could result in higher droplet drift 

86 potential (Lou et al., 2018). Furthermore, small droplet size, which are seen in UAV spraying 

87 commonly, are another factor to facilitate droplet to be drifted away (Chen et al., 2020). Thus, 

88 UAV spraying pesticide are generally combined with the use of tank-mixed adjuvants to improve 

89 pesticide efficiency by reducing droplet drift(Wang et al., 2018;Zhang&Xiong, 2021). For a 

90 hydrophobic crop, the function of tank-mix adjuvant it is not only to reduce droplet drift, but also 

91 to facilitate droplet spread on crop leaf as soon as possible (Peirce et al., 2016).

92 Wheat is one of the typical hydrophobic crops(Song et al., 2022).  CAs on wheat leaves have been 

93 measured at 118-152° and 140-146°(Márquez,Stuart-Williams&Farquhar, 2021). Therefore, the 

94 wettability of pesticide solution is critical for controlling wheat diseases and pests.  Tank-mix 

95 adjuvants are employed in pesticide solution when using aerial sprayer to improve pesticide 

96 efficiency in several previous literatures.  Meng et al.(2018) report that the use of tank-mix 

97 adjuvant can reduce imidacloprid dosage by 20% without increase negative effect on wheat aphid 

98 control efficacy  when using UAV sprayer. Wang et al.(2022) explore that the addition of tank-

99 mix adjuvants to spray solution can improve the control efficacy of wheat aphids and rust 

100 significantly and extend the duration of the pesticide. Yan et al. (2021) investigate that the addition 

101 of tank-mix adjuvant can improve control effect of prothioconazole on Fusarium head blight in 

102 wheat and increase wheat yield. Zhao et al.(2022) report that the use of appropriate tank-mix 

103 adjuvants for aerial sprayer on wheat field can significantly improve the performance of pesticide 

104 by increasing pesticide dosage delivery efficiency and disease control efficacy. Zhao et al.(2022) 

105 also explore that the use of tank-mix adjuvant can also help reduce the pesticide dosage while 

106 ensuring their effectiveness, which is similar to the conclusion of Meng et al.(2018) mentioned 

107 above. Song et al. (2022) evaluate four types of tank-mix adjuvants on wheat leaf by measuring 

108 metrics such as surface tension, CA, and so on and the results indicate that the adjuvant type has 

109 great effect on surface tension and CA value. 

110 Although the effect of tank-mix adjuvant on pesticide efficiency of wheat pests and diseases 

111 control are explored widely, the measurement of dynamic CA values of different tank-mix 

112 adjuvant under a serial of concentration is rarely reported. Normally, only one CA value of a liquid 

113 is given but the measuring time of this CA value is unclear.  In fact, CA value changes with time 

114 after a droplet is deposited on a crop leaf in most cases, especially for a liquid with a tank-mix 

115 adjuvant. The main objective of this study was to investigate the influence of tank-mix adjuvant 

116 type and concentration on CA values on wheat leaf surface to select appropriate adjuvant type and 

117 corresponding concentration for wheat pests and disease control when UAVs are adopted as 

118 sprayers. 

119
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120 Materials and methods 

121 Materials

122 The variety of wheat used in this study is Zhoumai 22, which is planted on campus experimental 

123 field of Anyang Institute of Technology. Wheat leaves were collected freshly during the late of 

124 flowering period, which is a critical time for wheat pests and diseases control.

125 Tank-mix adjuvants Beidatong (BDT) (methylated plant oil, Hebei Mingshun Agricultural Co., 

126 Ltd, China), Velezia Pro (VP) (mineral oil, TotalEnergies Fluid company, France), Nongjianfei 

127 (NJF) (hyperbranched fatty alcohol ether modified polymer, Guilin Jiqi Biochemical Co., Ltd, 

128 China), and Lieying (LY) (alkoxy modified polytrisiloxane, Anyang Quanfeng Biotechnology Co., 

129 Ltd, China) were used in this study.

130

131 CA value measurement

132 Laboratory experiment was designed to optimize the appropriate concentration of four tank-mix 

133 adjuvants (BDT, VP, NJF, and LY) by measuring dynamic CA values on wheat leaf adaxial surface 

134 under different concentrations, respectively. The four adjuvants were mixed with tap-water as the 

135 tested aqueous solution with different concentrations, respectively. Eight concentrations (2%, 4%, 

136 6%, 8%, 10%, 12%, 14%, 16%) of BDT,  eight concentrations (4%, 8%, 12%, 16%, 20%, 24%, 

137 28%, 32% ) of VP, fourteen concentrations (0.2�, 0.4�, 0.6�, 0.8�, 1�, 2�, 3�, 4�, 5�, 

138 6�,7�, 8�, 9�, 10�) of NJF, and three concentrations (0.1�, 0.2�, 0.3�) of LY were 

139 prepared for dynamic CA value measurements, respectively. 

140 CA value of each concentration was measured on the adaxial surfaces of three freshly undamaged 

141 wheat leaves collected from experimental field.  Adhesive tape was adopted to fix the tested leaf 

142 on the glass slide (25 cm × 76 cm) to facilitate the capture of images for CA measurement.  The 

143 interval of image capture was 0.07 s, and the dynamic CA value was measured from 0.00 to 8.13 

144 s in most cases. The details of observing time and number of CA values were listed in Table 1. 

145 The initial CA (t=0 s) was recorded as  and it was compared between solution ���������
146 concentrations of the same tank-mix adjuvant. The final CA (the last measuring time) was recorded 

147 as . The change of CA value was used to describe the decrease of CA and it is shown in the �������
148 following equation.

149  =  -       (1)���ℎ���� ��������� �������
150 The optical tensiometer Attention Theta Flex (Biolin Scientific) equipped with a high-resolution 

151 camera (1984 × 1264 px with a maximum of 3009 FPS) and LED light, is adopted to measure CA 

152 by using sessile drop method. The details of measuring process can be found in the previous study 

153 (Meng et al.,2022). 

154 Laboratory measurements were performed at a constant relative humidity of 57% and room 

155 temperature of 27 ± 0.4 °C.

156
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157 Result

158 Dynamic contact angle on wheat leaves of four aerial adjuvants

159 As shown in Fig. 3 and Fig. 6, a notable decrease in the CA values is observed after the addition 

160 of the four tank-mix adjuvants, respectively. CA values of tap-water on wheat leaf adaxial surface 

161 is around 142.89 °, which agrees with the result of the previous study (Márquez, Stuart-

162 Williams&Farquhar,2021). Fig. 2 presents the appearance shape of tap-water droplets on wheat 

163 leaf adaxial surface over 8.13 s.

164 Overall, CA behaviour of BDT and VP are similar (Fig. 3), while these of NJF and LY are alike 

165 in most measuring cases in this study (Fig. 6). Fig. 3 and Fig. 6 illustrate the initial CA (t=0 s) 

166 values ( ) of each concentration along with CA values of tap-water change during the ���������
167 observing time (0 s - 8.13 s). 

168 In the case of BDT, the highest initial CA value (90.63°) was observed for the concentration of 

169 2% (Fig. 3 a) and the lowest initial CA value (60.04°) was observed for the concentration of 12% 

170 (Fig. 3 c).  In BDT group of 2%, 4%, 6% and 8%, the initial CA values decrease with the increase 

171 of concentration, but the CA values are similar after 0.3 s except for the concentration of 2% (Fig. 

172 3 a).  In BDT group of 10%, 12%, 14% and 16%, the highest initial CA value was found in 

173 concentration of 16% (83.39°), followed by 10% (81.70°), 14% (69.82°) and 12% (60.04°). It can 

174 be seen visually from Fig. 4  that BDT droplets of eight concentrations change over the 8.13 s of 

175 the observing time. Therefore, 12% could be the appropriate concentration for BDT adjuvant for 

176 wheat field spraying based on the CA values during the observing time.

177 In the case of VP, the highest initial CA value is 89.99° (32%), the lowest is 60.10° (24%). 

178 However, the initial CA values of the other concentrations are approximate, 62.86°-67.63°.  CA 

179 values of concentration 32% decrease slightly but keep at above 80° over the whole observing 

180 time. CA values of concentration 16% drop below 60° after 0.10 s and decrease slightly but stay 

181 above 40° during the left observing time (0.10 s � 8.13 s). CA values of concentration 20%, 24 

182 and 28% are kept at around 36°- 45° after 3 s (Fig. 3 d),  while the CA values of the remaining 

183 concentrations are 58°- 68° after 3 s (Fig. 3b).  Fig. 5 shows the appearance shape of VP droplets 

184 dissipating on wheat leaf adaxial surface over 8.13 s. Therefore, 16% could be the appropriate 

185 concentration for VP adjuvant using on wheat field spraying based on the consideration of CA 

186 value during the observing time and crop producing cost.

187 In the case of NJF adjuvant, the initial CA values of all concentrations are between 41°- 80°. The 

188 lowest initial CA value is observed for concentration of 7�, 39.94°. In the group of 0.2�，

189 0.4�，0.6�，0.8� and 1�, CA values of each concentration decrease slightly during the 

190 observing time (Fig. 6 a). It takes around 6 s for the CA Values of concentration 0.2� and 0.4� 

191 to drop below 40 °, but it only takes 0.5 s for CA values of concentration 0.6� and 0.8� to 

192 decrease below 40°. In the group of 2�，3�，4� and 5�, the initial CA value are similar (48° 

193 - 61°) and CA values are below 20° after  1.6 s  (Fig. 6 b). In the group of 6�，7�，8�, 10 � 

194 and 10�, the initial CA value are between 41° -50°  and CA values are below 20 ° in less than 1 

195 s  (Fig. 6 c). The lowest initial CA value is 39.94° (7�) and the highest is 61.31 (2�) in these two 

196 groups. Fig. 7 presents the appearance shape of NJF droplets on wheat leaf adaxial surface over 
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197 8.13 s. It can be seen that NJF droplets appearance shape changes notable on the wheat leaf adaxial 

198 surface under different concentrations. Therefore, the appropriate NJF concentration for spraying 

199 on wheat field could be 6� after the comprehensive consideration of initial CA value and the 

200 spreading time on wheat leaf.

201 In the case of LY adjuvant, the initial CA values of concentration 0.1�, 0.2� and 0.3� are 

202 68.32°, 54.25° and 57.59°, respectively. It takes around 5 s for CA value of concentration 0.1� to 

203 decrease below 20°, but it only takes less than 1 s for CA value of concentration 0.3� to drop 

204 below 20° (Fig. 6 d).  Fig. 8 illustrates the appearance shape of LY droplets on wheat leaf adaxial 

205 surface under three concentrations. Therefore, the appropriate concentration for LY adjuvant to 

206 spray on wheat field could be 0.3� based on the analysis of initial CA value and the droplet 

207 dissipating time on wheat leaf surface.

208

209 Decrease of CA

210 Fig. 9 and Fig. 10 illustrate the initial CA (t=0 s) Values (CAinitial) and the final CA (t8.13 s, the 

211 final observing time is different because of physicochemical properties is different in the four 

212 adjuvants) values  (CAfinal) of the four adjuvants. In the case of BDT, the highest CAinitial (Fig. 9a) 

213 and CAfinal (Fig. 9b) are observed in the concentration of 2%, 90.63° and 66.53°, respectively. The 

214 lowest CAinitial (Fig. 9a) and CAfinal (Fig. 9b) are observed in the concertation of 12%, 69.53° and 

215 44.56°, respectively. Significant differences between the highest and the lowest CAinitial  and CAfinal 

216 are observed, respectively. However, the remaining CAinitial  and CAfinal are not notably difference, 

217 respectively.  In the case of VP, the highest CAinitial (Fig. 9c) is observed in the concentration of 

218 32% (89.99°), while the lowest is found in the concentration of 20% (60.20°). For CAfinal (Fig. 9d), 

219 the highest (82.49°) and the lowest (35.16°) value are observed in the concentration of 32% and 

220 28%, respectively. In the case of NJF CAinitial (Fig. 10a), the concentration of 0.4� owns the 

221 highest value (79.16°), while the concentration of 7� has the lowest value 39.94°.  For NJF CAfinal 

222 (Fig. 10b), the highest and the lowest are 33.39° (0.2�) and 6.79° (6�), respectively. In the case 

223 of LY, CAinitial (Fig. 10c) and CAfinal (Fig. 10d) of the three observing concentrations are similar, 

224 respectively.

225 Fig. 11 presents the decrease of CA value (CAinitial - CAfinal) between concentrations of the four 

226 adjuvants, respectively. Analysis of the case of BDT (Fig. 11a) shows that the top three highest 

227 CA decreases are observed in the concentrations of 10% (28.21°), 16% (26.30°), and 4% (26.09°), 

228 and the lowest decreases in the concentrations of 12% (15.48°), 8% (16.24°), and 6% (19.45°). 

229 Although the decrease of CA values between concentrations are observed in values, the differences 

230 between those decrease are not significant in statistically. Thus, the ability of BDT concentrations 

231 to reduce CA on wheat leaf adaxial surface is similar based on the difference between the CA 

232 decrease. In the case of VP (Fig. 11b), the top three high decreases are seen in the concentrations 

233 of 28% (29.66°), 16% (26.88°), and 24% (23.92°), and the top three low decreases are in the 

234 concentrations of 4% (1.19°), 8% (6.54°), and 12%(6.84°). The CA decreases of the top three 

235 lowest are notably lower than that of the highest. It can be further summarized as that the 

236 concentrations of 4%, 8%, and 12% have weak ability to reduce the CA on the wheat adaxial 
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237 surface, while the concentration of 28% has stronger ability to reduce the CA. In the case of NJF 

238 (Fig. 11c), significant difference of CA decrease is observed between concentrations of 0.4� 

239 (54.44°) and 7� (28.50°), corresponding to the highest and the lowest decrease, respectively. 

240 However, the significant difference of CA decrease is not observed in the remaining NJF 

241 concentrations. Hence, the concentration of 6� has the best performance on reducing CA on wheat 

242 leaf adaxial surface in the aspect of the CA decreases value and  spreading time on the leaves. In 

243 the case of LY (Fig. 11d), the differences of CA decreases between the CAinitial and CAfinal  of the 

244 three observed concentrations are similar.

245

246 Optimal concentration selection 

247 Combined with the results of section 3.1 and 3.2, it could be seen that the optimal concentration 

248 for field spraying application might be different because of judgement criterion. CAinitial, CAfinal 

249 spreading time, and concentration should be under consideration when optimizing the appropriate 

250 concentrations for field application. 

251

252 Discussion

253 Tank-mix adjuvants can effectively mitigate the evaporation, drift, and rebound of the spray 

254 solution(Preftakes et al., 2019; Sijs&Bonn, 2020) ,when UAVs perform spraying operations, and 

255 enhance the retention, diffusion, and wetting effects of droplets on the surface of crop 

256 leaves(Klevens, 1948; Donbrow&Jan, 2011;Ryckaert et al., 2008). Wheat, as a superhydrophobic 

257 crop(Dorr et al.,2015), has a unique leaf structure that impedes the spreading and retention of 

258 droplets on its surface. In this work, we focus on studying the changes of CA on wheat leaf surface 

259 after adding different types of tank-mix adjuvants and the variation of CA under different 

260 concentrations of the same tank-mix adjuvant. The results indicate that adding tank-mix adjuvants 

261 to tap-water significantly reduces the CA of droplets and improves the diffusion performance of 

262 droplets. Different types of tank-mix adjuvants have distinct effects on the reduction of droplets� 

263 CA and the rate of liquid diffusion. When using the same tank-mix adjuvant, concentration is also 

264 a crucial factor affecting the CA values and diffusion of droplets on wheat leaf surfaces.

265 Tank-mix adjuvants based on surfactants have the ability of lowering droplet surface 

266 tension(Hazen, 2000), which is a key parameter to characterize the physicochemical properties of 

267 droplets(Arand et al., 2018). The decrease of surface tension results in the reduction of droplets� 

268 CA and facilitating the spreading of droplet on solid surfaces. In this study, we measured and 

269 analysed the dynamic CA values of droplets on wheat surface after adding adjuvants. The results 

270 demonstrate that the addition of tank-mix adjuvants BDT, VP, NJF, and LY reduce the CA of 

271 droplets on wheat leaf surface, but the degree of influence vary. LY (alkoxy modified polytrisiloxane) 

272 has the most pronounced effect on reducing the CA of droplets. This is in line with previous studies 

273 that organosilicon adjuvants can substantially lower the surface tension of pesticide solutions and 

274 improve the spreading efficiency of pesticides (Policello&Murphy, 1993). Although NJF 

275 (hyperbranched fatty alcohol ether modified polymer)  reduce the CAs in a short time as LY does but 

276 with a much higher concentrations (6�). BDT is a plant oil-based adjuvant that can reduce the 
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277 CA and augment the wetting property of pesticides by lowering the surface tension of droplets and 

278 dissolving the wax layer and cuticle layer of plant leaves. Xiao et al. report that plant oil-based 

279 adjuvants can significantly improve the droplet coverage and retention of defoliants in cotton 

280 leaves(Xiao et al., 2019). Yuan et al explore that the application of Green-peel orange essential oil 

281 (GOEO) as a spray adjuvant has great potential to enhance the deposition and penetration of 

282 pesticides on the leaf surface, so that it would increase the pesticide utilization rate(Yuan et al., 

283 2019). VP is a mineral oil-based adjuvant, which has a similar effect as BDT and other plant oil-

284 based adjuvants. A previous study shows that adding mineral oil-based and surfactant to the 

285 biopesticide mixture can reduce the CA value and surface tension of the droplet, resulting in greater 

286 diffusion of the droplet in leaves(Santos et al.,2019). Our experiments also indicate that plant oil-

287 based and mineral oil-based adjuvants can effectively reduce the CA value of droplets, which 

288 would improve the efficiency of pesticide.

289 As mentioned above, the concentration of tank-mix adjuvant is an important factor that influence 

290 the performance of pesticides. For NJF and LY, at different concentrations, the CA value of 

291 droplets decreased markedly. For oil-based adjuvants BDT and VP, within a certain concentration 

292 range, the CA declined gradually with increasing concentration. The data show that after adding 

293 BDT adjuvant, the CA of the droplets decreased significantly firstly, and then gradually decreased 

294 and stabilized over time. Within the observation time, the initial CA value reached the lowest when 

295 the adjuvant concentration reached 12%. Under the condition of concentration less than 12%, the 

296 initial CA value decreased gradually with the increase of the adjuvant concentration. When the 

297 concentration exceeded 12%, the initial CA value gradually increased instead of decreasing. 

298 Different concentrations of VP also had the effect of reducing CA. The initial CA value reached 

299 the lowest when the concentration was 24%. At this point, as the concentration continued to 

300 increase, the CA value began to rise, and when the concentration reached 32%, the CA value 

301 remained above 80° throughout the observation period, which was significantly different from 

302 other concentrations. In addition, during the entire observation period, when the concentration was 

303 16%, 20%, 24%, or 28%, the adjuvant has a similar effect on the initial CA and the final CA of 

304 the droplet. Thus, concentration of 16% might be appropriate than the other concentration for VP 

305 in practice after consideration of spreading efficiency and cost.

306 Adjuvants with high concentration may have negative effects on pesticide 

307 absorption(Buick,Buchan&Field, 1993). Both BDT and VP tank-mix adjuvants showed the 

308 phenomenon that the effect was worse at high concentrations than at lower concentrations. It may 

309 be due to the concentration of adjuvant solution reaching Critical Micelle Concentration (CMC), 

310 which causes the droplet to produce micelle force and prevents the CA from 

311 decreasing(Wang&Liu,2007). Further experiments on exploring the relationship of CMC of tank-

312 mix adjuvant and CA on wheat leaves are suggested to carry out in the future work, aiming to 

313 obtain more reliable and accurate experimental results for practical application. 

314
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315 Conclusions

316 In this paper, we measured the effect of different concentrations of adjuvants on droplet CA, and 

317 obtained the optimal use concentration of BDT, VP, NJF and LY by considering CA changes, 

318 droplet diffusion time and other factors comprehensively. Firstly, we investigated dynamic CA of 

319 four typical tank-mix adjuvants on wheat leaf adaxial surface under different concentrations to 

320 optimize the appropriate concentrations for field application, respectively. We observed that 

321 adjuvant concentrations had significant initial CA values and CA changes with time. CA values of 

322 BDT and VP changed during the measurement time for all concentrations with a slight CA 

323 decrease from 0-8.13 s, while these of NJF and LY with a rapid decrease during the observing 

324 time. CA differences were observed among concentrations within the same adjuvant. The 

325 appropriate concentrations of the four adjuvants for wheat field application were 12% (BDT), 

326 16%(VP), 6� (NJF) and LY (0.3�) based on the CA dissipation time and values observed from 

327 indoor experiments. Alkoxy modified polytrisiloxane adjuvant (LY) could be an appropriate 

328 adjuvant for field application on wheat field by considering spreading efficiency and cost.

329 In conclusion, we advise that CA values should be measured to optimize appropriate concentration 

330 for field application to obtain satisfactory biological control efficacy. Furthermore, not only the 

331 initial CA value is important when assessing the wettability of different liquids and optimizing the 

332 appropriate concentration for a specific liquid on the same crop leaf surface, but also what happens 

333 with the liquid drops over the observing time.
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Figure 1
Sketch map of CA.
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Figure 2
Tap-water droplets spread on wheat leaf adaxial surface during the observing time.
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Figure 3
Dynamic CA of BDT and VP under different solution concentration, respectively.

(a): Contact angle changes over time after adding 2% -8% BDT tank-mix adjuvant. (b):
Contact angle changes over time after adding 4% -16% VP tank-mix adjuvant. (c): Contact
angle changes over time after adding 10% -16% BDT tank-mix adjuvant. (d): Contact angle
changes over time after adding 20% -32% VP tank-mix adjuvant.
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Figure 4
BDT droplets spread on wheat leaf adaxial surface during the observing time.
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Figure 5
VP droplets spread on wheat leaf adaxial surface during the observing time.
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Figure 6
Dynamic CA of NJF (a, b and c) and LY (d) under different solution concentration,
respectively.

(a): Contact angle changes over time after adding 0.2‰ -1‰ NJF tank-mix adjuvant. (b):
Contact angle changes over time after adding 2‰ -5‰ NJF tank-mix adjuvant. (c): Contact
angle changes over time after adding 6‰ -10‰ NJF tank-mix adjuvant. (d): Contact angle
changes over time after adding 0.1‰ -0.3‰ LY tank-mix adjuvant.

PeerJ reviewing PDF | (2023:08:89235:0:0:NEW 5 Aug 2023)

Manuscript to be reviewed



Figure 7
NJF droplets spread on wheat leaf adaxial surface during the observing time.
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Figure 8
LY droplets spread on wheat leaf adaxial surface during the observing time.
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Figure 9
The initial CA and final CA of BDT and VP under different solution concentration

(a) The initial CA after adding 2% -16% BDT tank-mix adjuvant. (b) The final CA after adding
2% -16% BDT tank-mix adjuvant. (c) The initial CA after adding 4% -32% VP tank-mix
adjuvant. (d) The final CA after adding 4% -32% VP tank-mix adjuvant.
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Figure 10
The initial CA and final CA of BDT and VP under different solution concentration

(a) The initial CA after adding 0.2‰ -16‰ NJF tank-mix adjuvant. (b) The final CA after
adding 0.2‰ -16‰ NJF tank-mix adjuvant. (c) The initial CA after adding 0.1‰ -0.3‰ LY
tank-mix adjuvant. (d) The final CA after adding 0.1‰ -0.3‰ LY tank-mix adjuvant.
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Figure 11
Difference of CA value changes (CAinitial - CAfinal )from the initial measuring time (tinitial) to
final measuring time (tfinal).

(a) Change in CA value after adding 2% -16% BDT tank-mix adjuvant. (b) Change in CA after
adding 4% -32% VP tank-mix adjuvant. (c) Change in CA after adding 0.2‰ -10‰ NJF tank-
mix adjuvant. (d) Change in CA after adding 0.1‰ -0.3‰ LY tank-mix adjuvant.
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Table 1(on next page)

Solution concentration of the adopted tank-mix adjuvants, and the corresponding
observing time and number of CA.

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

time (s)
Adjuvant

Solution 

concentration �������� ������
Number of 

measured CAs of 

each solution 

concentration

BDT

2%, 4%, 6%, 

8%, 10%, 12%, 

14%, 16%

0 8.13 114

VP

4%, 8%, 12%, 

16%, 20%, 24%,

 28%, 32%

0 8.13 114

0.2�, 0.4�, 

0.6�, 0.8�, 

1�

0 8.13 114

2� 0 3.10 44

3� 0 2.88 37

4� 0 2.88 37

5� 0 3.38 44

6� 0 2.30 33

7� 0 1.51 23

8� 0 2.95 42

9� 0 1.44 21

NJF

10� 0 1.01 15

0.1� 0 8.06 113

0.2� 0 3.82 54
LY

0.3� 0 2.59 37

1

2
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Table 2(on next page)

The criterion of appropriate concentration optimization.

Note: CA means Contact angle, while CC denotes the corresponding concentration.
CAdecrease =CAinitial - CAfinal.
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1

Adjuvant BDT VP NJF LY

Judgment Criterion CA(°) CC CA(°) CC CA(°) CC CA(°) CC

Lowest CAinitial 60.04 12% 60.20 20% 39.94 7� 54.25 0.2�

Lowest CAfinal 44.56 12% 35.16 28% 6.79 6� 4.62 0.3�

Maximum CAdecrease 28.21 10% 29.66 28% 54.44 0.4� 56.05 0.1�

2
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