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Abstract: Oil dispersible suspension concentrates are safe, green, and environmentally friendly formulations. Problems such as layering, pasting, and bottoming are frequently encountered during the production, storage, and transportation process. Polyisobutylene succinimide functions as a dispersant and exhibits great potential to improve the physical stability of the oil dispersible suspension concentrate. From a microscopic perspective, the sorption characteristics of the polyisobutylene succinimide dispersant T151 on penoxsulam particle surfaces were comprehensively evaluated with XPS, FTIR, and SEM. The T151 adsorption procedure complied with a pseudo-second-order kinetic adsorption model, and it was a kind of physical sorption with an Ea of 22.57 kJ⋅mol−1. The T151 sorption model was consistent with the Langmuir isotherm. The adsorption process was spontaneous and followed by an entropy increase. The ΔHθ of dispersant T151 on the surface of penoxsulam particles was 31.59 kJ⋅mol−1. The adsorption procedure was endothermic, and the primary force was hydrogen bonding. The XPS results showed that the F and S electronic peaks at the penoxsulam interface decreased, and that the C electronic peak increased significantly after the adsorption of dispersant T151, indicating the adsorption on the surface of penoxsulam particles. The results of this study provide a vital theoretical basis for the application of polyisobutylene succinimide dispersants in oil dispersible suspension systems.
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1  Introduction

As a safe, green, and environmentally friendly formulation, oil-dispersible suspension concentrates have become an area of particular interest in the development of pesticide formulations over the last 10 years [1,2]. In an oil dispersion suspension concentrate, the various additive and active ingredient solid particles are dispersed in a non-aqueous medium-based environmentally friendly. This is done after wet grinding to form a stable suspension system, which is diluted with water before use. In the agriculture industry, oil dispersion suspension concentrates have the following advantages: (1) no dust during production and application, which improves worker safety; (2) no flammable and explosive solvents, making production, use, and storage relatively safe; (3) use of oil as the dispersion medium, which is less toxic and thus more environmentally friendly; (4) good wetting, spreading, permeability, and strong resistance to rain erosion; and (5) the synergistic effect of the oil dispersion medium improves the control effect. Therefore, the oil dispersion suspension concentrate meets the requirements of green agricultural development and has numerous market prospects.

However, in the production, storage, and transportation phases, oil-dispersible suspension concentrates are prone to quality issues, such as delamination, pasting, and bottoming, which limits their application [3]. This is because oil dispersible (OD) is a nonhomogeneous solid–liquid dispersion system that exhibits significant thermodynamic instability. It is usually necessary to add a dispersant to maintain physical stability [4,5]. However, commonly used dispersants in pesticide processing, such as naphthalene sulfonates and polycarboxylates, are primarily used in aqueous media and are unsuitable for oil-dispersible suspension concentrates [6]. Therefore, dispersant excavation for a non-aqueous medium and enhancement of the physical stability of the OD are required in pesticide processing.

Polyisobutylene succinimide is a dispersant that performs favorably, has good dispersibility in non-aqueous media, and is widely used in the lubricating oil industry [7,8]. It can disperse soot powder and carbon nanotubes better in a hydrocarbon solution and reduce the viscosity of the system [9–11]. Zhang et al. [12] discovered the effect of polyisobutylene succinimide on the colloidal stability of clay particles in nonpolar media. Polyisobutylene succinimide has great potential as a dispersant to improve the physical stability of OD, particularly in the pesticide industry. However, the application of polyisobutylene succinimide in pesticide formulations has not yet been reported.

The effect of the dispersants is exerted by their adsorption on the pesticide particle surfaces and the adsorption stability is maintained by the steric hindrance and/or electrostatic repulsion effects to prevent the aggregation of pesticide particles. Therefore, it is particularly important to study the sorption behavior of dispersants on the pesticide granule faces for their practical application and the development of pesticide formulations. Several domestic and foreign researchers have focused on this topic. Xu et al. [13,14] reported on the spectroscopic characteristics of the sorption of polycarboxylate copolymer dispersants on the surface of atrazine granules. Zhang et al. [15] studied the adsorption characteristics of styrene-acrylic acid and naphthalene sulfonate-formaldehyde copolymers with different molecular weights on the surface of hexaflumuron particles. Pang et al. [16] determined the adsorption properties of different sodium lignosulfonate dispersants on the surface of dimethomorph particles. Ma et al. [17] found the sorption properties of a comb-shaped polycarboxylic acid superplasticizer copolymer on fipronil granule faces. Hao et al. [18] discussed the sorption characteristics of several anionic dispersants on the faces of imidacloprid granules using the oscillating adsorption method. However, the adsorption characteristics of these different dispersants on the pesticide particle surfaces were evaluated in a system using water as the medium. There are insufficient systematic and in-depth studies on the adsorption characteristics of dispersants on the surfaces of pesticide particles in non-aqueous media.

Penoxsulam, developed by Dow AgroSciences, is a triazolopyrimidine sulfonamide herbicide used in paddy fields. It is an acetolactate synthase (ALS) inhibitor that can be used to control barnyard grass, broadleaf weeds, sedge, and some aquatic weeds before and after germination [19]. A 25 g/L penoxsulam oil dispersible suspension concentrate has been registered and shows great market potential [20,21]. In this study, the effect of polyisobutylene succinimide on the stability of a penoxsulam oil dispersible suspension concentrate was investigated using multiple light scattering technologies [22]. The adsorption thermodynamics, kinetics, and force, and thickness of the polyisobutylene succinimide adsorption layer on penoxsulam particle surfaces in non-aqueous media were examined using XPS, FTIR, and SEM [23,24]. Furthermore, the underlying stability mechanism is discussed, and a theoretical basis for the application of polyisobutylene succinimide in oil-dispersible suspension concentrates is provided.

2  Materials and Methods

2.1 Materials

Penoxsulam (98%) was obtained from Zhejiang Tianyi Agrochemical Co. Ltd., Zhejiang, China. The molecular structure of penoxsulam is shown in Fig. 1A. Polyisobutylene succinimide (T151, MW = 7004, tested by GPC) was provided by Jianqiao Chemical Co., Ltd., Jiangsu, China. The molecular structure of T151 is shown in Fig. 1B. Analytical grade N-octane was purchased from Aladdin Reagent Co., Ltd., Shanghai, China.
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Figure 1: Chemical structures of penoxsulam (A) and T151 (B)

2.2 Dispersion Stability Analysis

Wet pulverization equipment was employed to prepare the penoxsulam oil dispersible suspension concentrate. We weighed a certain quantity of penoxsulam (5%) and T151 (4%), composed of up to 100% with methyl oleate, mixed them evenly, and cut them with a high shear emulsifier for 1–2 min. The mixture was then added to a sand mill and sanded for 3 h, and the sample was obtained after filtration.

The prepared penoxsulam oil dispersible suspension concentrate (20 mL) was added to the sample vial and scanned it hourly at 25°C for 48 h using a multiple light scattering instrument (Turbiscan Tower, Formulation, France) [25,26]. A stability index (TSI) was used to measure the stability of each sample.

2.3 Adsorption Thermodynamic

The T151 adsorption isotherm on the surface of the penoxsulam granules was determined using the oscillation adsorption method [27–29]. Penoxsulam powder and T151 n-octane solution were weighed and placed in a 100 mL triangular flask. Once sealed, the samples were shaken at three different temperatures for a given time. The supernatant was filtered and diluted, and its mass concentration was measured using a UV-1800 (Shimadzu, Japan) once the adsorption balance was achieved. A blank test was performed to remove the penoxsulam disturbance in n-octane during UV absorption. The adsorption capacity was calculated using Eq. (1):


Qt=(C0−Ct+Cb)V/m, 
(1)

where Qt (mg⋅g−1) is the mass of T151 adsorbed per gram of penoxsulam; C0 (mg⋅L−1) is the concentration of the T151 solution; Ct (mg⋅L−1) is the concentration of the solution after the sorption balance; Cb (mg⋅L−1) is the concentration of the blank sample; V (L) is the volume of the T151 solution; and m (g) is the mass of penoxsulam.

The Langmuir and Freundlich isotherm equations are widely used to discuss adsorption procedures using experimental data [30–33].

The general form of the Langmuir equation is given by Eq. (2):


Ce/Qt =1/aQe+Ce/Qe, 
(2)

The Freundlich equation is given by Eq. (3) [34–36]:


lnQt=(1/n)lnCe+lnKf, 
(3)

where Qt (mg⋅g−1) is the apparent adsorption quantity; Qe (mg⋅g−1) is the saturated adsorption quantity; a (L⋅g−1) is the Langmuir adsorption constant; Ce (mg⋅L−1) is the concentration at adsorption equilibrium; and Kf and n are the adsorption constants.

Adsorption thermodynamics were evaluated by calculating the Gibbs free energy (ΔGθ), entropy change (ΔSθ), and enthalpy change (ΔHθ) [37]. The three thermodynamic parameters and the adsorption equilibrium constants were calculated using Eqs. (4)–(7):


K= MwCBb, 
(4)


ΔGθ=ΔHθ−TΔSθ =−RTlnK, 
(5)


lnK=(ΔSθ/R)−(ΔHθ/RT), 
(6)


ΔSθ=(ΔHθ−ΔGθ)/T, 
(7)

2.4 Adsorption Kinetics

The T151 adsorption kinetic curve on the surface of the penoxsulam particles was determined using the oscillatory adsorption method [38–40]. Penoxsulam powder and T151 n-octane solution were weighed and placed in a 100 mL triangular flask. After sealing, the samples were shaken at three different temperatures for a given time. A blank test was conducted simultaneously to remove the UV absorption disturbance by penoxsulam in n-octane. The supernatant was collected periodically to measure its concentration using the method described in Section 2.3.

The adsorption kinetic constants were evaluated by fitting the pseudo-first-order kinetic model Eq. (8) and the pseudo-second-order kinetic model in Eq. (9) [41]:


ln(Qe−Qt) =lnQe−k1t, 
(8)


t/Qt =1/k2Qe2+t/Qe, 
(9)

where Qt (mg⋅g−1) is the apparent adsorption quantity; Qe (mg⋅g−1) is the saturated adsorption quantity; k1 (min−1) and k2 (g⋅mg−1⋅min−1) are the adsorption rate constants of the pseudo-first-order and pseudo-second-order kinetic equations, respectively; and t (min) is the adsorption time.

The adsorption rate constant (k) was calculated using Eq. (10):


lnk=lnz−Ea/RT, 
(10)

where k is the adsorption rate constant; Ea (kJ⋅mol−1) is the apparent activation energy; R (8.314 J⋅K−1⋅mol−1) is the gas constant; T (K) is the temperature; and z is the Arrhenius factor [42].

2.5 XPS Analysis

The penoxsulam powder and T151 n-octane solution put in a 100 mL triangular flask and oscillated for 5 h at 293.15, 303.15, and 313.15 K [43–45]. After oscillation, the suspension was centrifuged, washed, and dried under a vacuum. The obtained powder was analyzed using XPS (Axis Ultra, Kratos, UK).

2.6 FTIR Analysis

The penoxsulam suspension was oscillated for a while at 293.15 K and then centrifuged. The filter cake was dried under vacuum and then pressed with KBr for FTIR (Tracer-IR 100, Shimadzu, Japan) scanning.

2.7 Microscopic Analysis

SEM (S-4800, Hitachi, Japan) was used to observe the morphology of the samples. The dried powder sample was sputtered with a layer of gold prior to imaging.

3  Results and Discussion

3.1 Dispersion Stability

The multilight scattering technique can report the change in grain diameter and concentration of the dispersion system from the curves of backscattered and transmitted light over time. The stability of the dispersion system was analyzed using the TSI value. In general, the smaller the TSI value, the better the stability of the dispersion system.

The time-dependent transmitted and backscattered light spectra of the penoxsulam oil dispersible suspension concentrate with and without dispersant T151 were investigated. There was no transmitted light at the top of the sample with T151 (Fig. 2A), whereas there was transmitted light without T151 (Fig. 2B), indicating that the sample with T151 was not delaminated, while the sample without T151 was delaminated. The total TSI with T151 was 1.6 and the total TSI without T151 was 39.0 (Table 1). Therefore, dispersant T151 is helpful in eliminating the formulation delamination phenomenon and enhancing the stability of the penoxsulam oil dispersible suspension concentrate.
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Figure 2: Multiple light scattering diagrams of penoxsulam oil dispersible suspension systems. (A) with T151 and (B) without T151
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3.2 Adsorption Thermodynamics

3.2.1 Adsorption Isotherm

From a thermodynamic perspective, adsorption is a surface phenomenon involving adsorbate aggregation from the solvent on the face of the adsorbent. Sorption equilibria are controlled by several factors, including the properties of the adsorbent and adsorbate, and the temperature [18]. Herein, the dispersant was the adsorbate, and penoxsulam was used as the adsorbent. The sorption isotherms of T151 on the surface of the penoxsulam particles were measured at 293.15, 303.15, and 313.15 K, as shown in Fig. 3.
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Figure 3: Adsorption isotherms of dispersant T151 onto penoxsulam particles at three different temperatures

At the same temperature, the quantity of T151 adsorbed on the surface of penoxsulam increased with increasing equilibrium concentration. The adsorption capacity increased rapidly when the equilibrium concentration was low; the adsorption capacity decreased slowly and reached saturation when the balance concentration reached a certain value. The T151 adsorption ability on the penoxsulam surface increased with increasing temperature, and it was easier to achieve saturated adsorption at a higher temperature (Fig. 3).

3.2.2 Adsorption Models

The Langmuir and Freundlich sorption equations were applied to fit the adsorption isotherm data. The results are shown in Figs. 4 and 5, and Table 2.
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Figure 4: Langmuir adsorption isotherms for T151 onto penoxsulam at three different temperatures
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Figure 5: Freundlich adsorption isotherms for T151 onto penoxsulam at three different temperatures
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The T151 sorption isotherms on the penoxsulam surface were consistent with the Langmuir model with R2 > 0.97 (Table 2). This showed that polyisobutylene succinimide was adsorbed as a single layer on the surface of the penoxsulam within the test concentration range. The quantity of T151 adsorbed on the surfaces of the penoxsulam particles increased from 5.325 to 8.078 mg⋅g−1 when the temperature increased from 293.15 to 313.15 K, indicating that the increase in temperature promotes T151 sorption on penoxsulam surfaces.

3.2.3 Thermodynamics Analysis

Research on adsorption thermodynamics includes the examination of the tendency, extent, and driving factors of the sorption process, which is of great significance to analyze the sorption laws, features, and mechanisms. The T151 sorption thermodynamics on the face of the penoxsulam granules were studied by calculating the thermodynamic parameters. The sorption free energy change (ΔGθ), sorption enthalpy change (ΔHθ), and sorption entropy change (ΔSθ) results are shown in Table 3.
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At different temperatures, the ΔGθ of T151 on the surface of penoxsulam particles was negative, and its absolute value increased with increasing temperature, indicating that the sorption process could proceed spontaneously and that the adsorption rate increased with increasing temperature. The positive ΔSθ values at the three temperatures indicate that the T151 adsorption process on the penoxsulam surface was entropy-increasing, suggesting that the dispersion degree of the system was improved, and that the dispersion effect on the penoxsulam particles was greater than the tendency to reduce entropy due to the dispersant adsorption.

The ΔHθ value was positive, indicating that the adsorption was an endothermic process, and the increase in temperature was beneficial to the adsorption of the T151 dispersant on the surface of the penoxsulam particles. The value of the adsorption enthalpy change indicates the type of adsorption force. The van der Waals force is smaller than 20 kJ⋅mol−1, the hydrogen bonding force is between 20–40 kJ⋅mol−1, and the chemical bonding force is greater than 60 kJ⋅mol−1 [37]. The ΔHθ value of the T151 dispersant on the surface of the penoxsulam particles was 31.59 kJ⋅mol−1 (Table 3), suggesting that the adsorption process is an endothermic process, is a physical adsorption process, and the main force is hydrogen bonds. The temperature increase promotes the dissociation of hydrogen bonds between the penoxsulam molecules, allowing the dispersant T151 to form a stronger hydrogen bond with penoxsulam and enhance the adsorption. In non-aqueous media, there is no interference from hydrogen ions, which is conducive to hydrogen bond adsorption.

3.3 Adsorption Kinetic

3.3.1 Kinetic Curves

In the adsorption kinetics study, the adsorption rate is an important factor that represents how fast the dispersant reaches sorption equilibrium on the pesticide granule surface and determines the dispersing effect of the dispersant to a certain extent. To determine the effect of temperature on the T151 sorption rate on the penoxsulam surface, we measured the relationship between the quantity of T151 on the penoxsulam surface and the adsorption time at the three temperatures.

The amount of T151 adsorbed increased with increasing adsorption time at various temperatures (Fig. 6). The T151 concentration of in the liquor was initially higher than that on the particle surface, thereby rapidly increasing the adsorption rate and the amount of adsorption. During the adsorption process, the T151 concentration on the surface of the penoxsulam particles increased, resulting in a steric hindrance effect, and the sorption rate gradually decreased until equilibrium was reached.
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Figure 6: Kinetic adsorption isotherms at three different temperatures

3.3.2 Kinetic Models

The T151 sorption process on the penoxsulam surface was studied using pseudo-first-order and pseudo-second-order kinetic models at different temperatures. It was evaluated at a constant adsorption rate.

The T151 sorption process on the surface of the penoxsulam granules was most consistent with the pseudo-second-order kinetic adsorption model with R2 > 0.99 (Fig. 7, Table 4). The pseudo-second-order kinetic model can accurately and comprehensively reflect the entire T151 sorption process. The variation in the adsorption half-life (t1/2) at different temperatures indicates that the adsorption equilibrium time decreased and the adsorption rate increased with increasing temperature. This is consistent with the conclusion that the absolute value of the adsorption free energy increases with increasing temperature.
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Figure 7: Pseudo-second-order adsorption isotherms of dispersant T151 on penoxsulam at three different temperatures
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An Ea value of 40–800 kJ⋅mol−1 indicates chemical adsorption, and of 5–40 kJ⋅mol−1 physical adsorption. The Ea value calculated using Eq. (10) was 22.57 kJ⋅mol−1. Therefore, according to the thermodynamic analysis, the T151 sorption process on the penoxsulam surface was a physical adsorption process.

3.4 Adsorption Layer Thickness

Dispersants can form an adsorbed layer on the surface of solid particles to enhance the stability of a solid-liquid dispersion system. The thickness of the adsorption layer may mirror the steric effect. XPS was used to measure the thickness of the dispersant T151 adsorbed layer on the penoxsulam surface at three different temperatures.

As seen in Figs. 8A and 8B, after the dispersant T151 adsorption, the electron peak strengths of F and S were attenuated, while that of C was notably enhanced. This finding was attributed to the cladding effect of the dispersant, suggesting that T151 formed a fine adsorbed layer on the surface of the penoxsulam particles (Table 5).
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Figure 8: XPS results of penoxsulam (A) and adsorbed dispersant T151 (B)
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Penoxsulam contains F, whereas dispersant T151 does not. Therefore, F was selected as the feature element. By testing the attenuation extent of the F1s photoelectron after passing through the adsorption layer, the mean thickness of the adsorption layer can be obtained (Fig. 9).
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Figure 9: F (1 s) XPS spectra of penoxsulam surface particles with T151 adsorption dispersant at three different temperatures

Dispersant T151 constituted an adsorbed layer with a certain thickness on the face of the penoxsulam particles. The thicknesses of the adsorbed T151 layers on the penoxsulam surface were 1.582, 2.335, and 3.032 nm at the three temperatures (Table 6). The thickness of the adsorption layer increased with increasing temperature; thus, the increase in temperature was conducive to the sorption of dispersant T151 on the surface of the penoxsulam granules, which is consistent with the sorption isotherm and thermodynamic analysis results.
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3.5 Adsorption Morphology and Type

3.5.1 Analysis of Adsorption Morphology

SEM was used to observe the microscopic appearance of the penoxsulam particles before and after the T151 adsorption. As shown in Fig. 10, the penoxsulam surface was smooth before the adsorption of dispersant T151. After the T151 adsorption, minor particles were absorbed onto the surface. Dispersant T151 formed a coating, which can effectively prevent the agglomeration of penoxsulam particles through steric hindrance, thereby improving the physical stability of the penoxsulam oil dispersible suspension.

[image: images]

Figure 10: SEM images of (A) penoxsulam, (B) penoxsulam + T151

3.5.2 Analysis of Adsorption Type

The T151 adsorption force on the penoxsulam surface was analyzed using FTIR spectroscopy. The FTIR spectra of dispersant T151, penoxsulam, and penoxsulam with adsorbed T151 are shown in Fig. 11.
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Figure 11: FTIR results of dispersant T151. (A) FTIR results of penoxsulam with or without adsorbed T151: (B-a) penoxsulam, (B-b) penoxsulam + T151

The peak at 2951 cm−1 corresponds to the tensile vibrations of C-H, -CH2, and -CH3 in the polyisobutylene group. The absorption peak at 1704 cm−1 was the imide group. The C-N tensile vibration absorption peak was at 1389 cm−1 (Fig. 11A).

Compared with that in Fig. 11A, no new absorption peaks appeared after penoxsulam adsorbed dispersant T151 (Fig. 11B), indicating that there was no chemical adsorption between penoxsulam and dispersant T151. After the T151 adsorption, the N-H stretching vibration absorption peak shifted from 3361 to 3365 cm−1, and the C-F stretching vibration absorption peak shifted from 1178 to 1176 cm−1. It was shown that there was a hydrogen bond between -F on the surface of the penoxsulam particles and the N-H in dispersant T151, which is the primary force for the sorption of dispersant T151 on the surface of penoxsulam granules.

3.5.3 Adsorption Model

Our results indicate that dispersant T151 binds to the surface of penoxsulam particles through polyamine heads in a single-layer multi-point adsorption form, and the primary binding force is hydrogen bonding. Simultaneously, the polyisobutylene chain is hydrophobic, free in a non-aqueous medium, and can form a sorption layer with a certain thickness on the penoxsulam particle surface. Based on these adsorption characteristics, a hypothetical adsorption model of dispersant T151 was proposed (Fig. 12). The adsorption of dispersant T151 on the surface of penoxsulam particles improves the stability of the system through the steric hindrance effect.
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Figure 12: Hypothetical model of T151 adsorption onto penoxsulam particle surfaces

4  Conclusion

In this study, polyisobutylene succinimide dispersant T151 was shown to improve the stability of a penoxsulam oil dispersible suspension using multiple light scattering techniques. The dispersing effect was exerted by its absorption on the surface of pesticide particles. Therefore, the adsorption properties of polyisobutylene succinimide dispersant T151 on penoxsulam particles were investigated at the micro level.

The absorption thermodynamics was comprehensively evaluated. The adsorption isotherm conformed to the Langmuir equation, and the dispersant T151 was adsorbed as a monolayer on the penoxsulam particle surfaces. As the temperature increased, the saturation adsorption capacity increased from 5.325 to 8.078 mg⋅g−1, accompanied by an increase in the adsorption layer thickness from 1.582 to 3.032 nm. Therefore, the increase in temperature is conducive to the sorption of dispersant T151 on the surface of the penoxsulam granules. The thermodynamic parameters ΔGθ < 0, ΔHθ > 0, and ΔSθ > 0 indicate that the dispersant T151 absorption on the surface of the penoxsulam particles is a spontaneous, endothermic, and entropy-increasing process. The value of ΔHθ (31.59 kJ⋅mol−1) indicates that the main sorption force of dispersant T151 on the surface of penoxsulam granules is hydrogen bonding.

The sorption process complied with the pseudo-second-order kinetic model. The adsorption equilibrium time decreased with increasing temperature based on the observation of the adsorption half-life. This indicates that the sorption rate increases with an increase in temperature, which is consistent with the conclusion that the absolute value of the adsorption-free energy increases with an increase in temperature. Moreover, the Ea value of 22.57 kJ⋅mol−1 suggests that the sorption process is a physical adsorption process.

The investigation of the adsorption properties demonstrated that the sorption force is primarily hydrogen bonding, and dispersant T151 maintains its adsorption stability on the surface of penoxsulam particles, thereby improving the stability of the system by the steric hindrance effect. This study provides a significant theoretical basis for the application of polyisobutylene succinimide as a dispersant in oil dispersible systems, sheds light on the innovation and development of oil-dispersible suspensions in the pesticide industry, and addresses the problems that arise during the production, storage, and transportation of oil dispersible suspensions.
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Table 3: Thermodynamic calculation results

T/K K AGkJ-mol™t  AH%kJ-mol™  ASY%/J-mol t.K!
293.15 38893  —20.15 31.59 176.50
303.15 58772  —21.87 176.35
313.15 89022  —23.68 176.50
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Table 4: Fitted values for the kinetic equation at three different temperatures

T/K Pseudo-first-order model Pseudo-second-order model
kl/ Qe exp/ Qe cal/ R2 k2/g'mg_1 Qe exp/ Qe cal/ R2 t1/2/
min'  mg-g ' mg-g min "' mg-g mg-g min
293.15 0.0147 2.607 0.647 0.4394 0.0380 2.607 2.697 0.9967 18.24
303.15 0.0108 3.992 0.513 0.3516 0.0503 3.992 4.032 0.9970 13.78

313.15 0.0202 6.051 0.751 0.6053 0.0687 6.051 6.083 0.9997 10.09
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Table 1: TSI of penoxsulam oil dispersible suspension systems

Suspension system TSI (top) TSI (middle) TSI (bottom) TSI (total)

with T151 0.6 0.6 0.2 1.6
without T151 9.9 5.5 0.9 39.0
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Table 6: Adsorption layer thickness at three different temperatures

T/K d/nm
293.15 1.582
303.15 2.335

313.15 3.032
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Table 2: Fitting parameters of Langmuir and Freundlich equations at three temperatures

T/K Fitted by Langmuir equation Fitted by Freundlich equation
Q/mg-g’ bLmg' R’ K¢ n R?
293.15 5.325 0.090 0.9944 0.223 2.453 0.9887
303.15 6.944 0.136 0.9905 0.209 2.191 0.9584
313.15 8.078 0.206 0.9924 0.280 2.270 0.9529
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Table 5: Concentration of each element and electron bonding energy in penoxsulam with adsorbed T151

Name

Penoxsulam

Penoxsulam with T151 Penoxsulam with T151 Penoxsulam with T151

Position/eV Conc./% Position/eV  Conc./%

F(ls) 687.42
N (1's) 398.82
O (1s) 533.12
C(ls) 285.22
S (2p) 168.42

33.15
12.98
22.18
28.19
3.50

(293.15 K)
687.97 28.26
399.47 11.95
533.57 21.15
284.97 35.34
168.87 3.31

(303.15 K)
Position/eV  Conc./%
687.97 24.92
399.27 11.34
533.57 20.05
284.87 40.52
168.97 3.18

(313.15 K)
Position/eV Conc./%
687.91 2291
399.51 10.77
533.51 19.11
284.81 44.13
168.91 3.08
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