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ABSTRACT 

	[bookmark: _GoBack]The adsorption and leaching behaviour of the herbicide topramezone was investigated in two different soils—red sandy loam (Alfisol) and black clay (Vertisol)—from maize-growing regions of Telangana, India. Laboratory batch equilibrium experiments were conducted to quantify the adsorption characteristics of topramezone using the Freundlich isotherm model. The red soil was neutral with medium organic carbon and low CEC (cmol(p⁺) kg⁻¹), whereas the black soil was slightly alkaline with low organic carbon and higher CEC (cmol(p⁺) kg⁻¹). Adsorption increased with equilibrium concentration in both soils, ranging from 3.55 µg g⁻¹ in red soil and 2.68 µg g⁻¹ in black soil at 5 µg mL⁻¹ to 28.98 µg g⁻¹ and 24.98 µg g⁻¹, respectively, at 50 µg mL⁻¹. The adsorption isotherms exhibited an S-shaped, nonlinear pattern that fitted well to the Freundlich equation, confirming heterogeneous sorption sites (1/n < 1). Higher Freundlich coefficients (kf = 0.733; kfoc = 130.9) in red soil compared to black soil (kf = 0.481; kfoc = 98.2) indicated stronger sorption under slightly acidic conditions. The reduced adsorption in alkaline black soil was attributed to the predominance of the dissociated anionic form of topramezone (pKa = 4.06) and electrostatic repulsion from negatively charged colloids. The results demonstrate that soil pH and organic carbon are the dominant factors influencing topramezone adsorption, while clay content and CEC play lesser roles. Weaker sorption and higher mobility in black soils suggest a relatively higher leaching potential, emphasizing the need for site-specific management strategies for the safe use of topramezone in maize-based cropping systems under semi-arid tropical conditions.
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1. INTRODUCTION 
The adsorption of herbicides onto soil colloids plays a pivotal role in determining their environmental behaviour, including persistence, bioavailability, efficacy, and potential mobility in the soil–water system. Adsorption dynamics regulate the partitioning of herbicides between soil and solution phases, influencing not only the amount available for microbial degradation and plant uptake but also the extent of leaching losses to deeper soil layers. Strong adsorption generally limits bioavailability and reduces leaching risk, whereas weak adsorption enhances herbicide mobility, thereby increasing the probability of groundwater contamination. The magnitude of adsorption depends on several soil properties, including texture, pH, organic carbon, cation exchange capacity (CEC), and mineral composition, as well as on the physicochemical nature of the herbicide molecule (Wauchope et al., 2002; Walker & Jurado-Expósito, 1998, Rao et al., 2017)).
Topramezone, chemically identified as [3-(4,5-dihydro-3-isoxazolyl)-2-methyl-(methylsulfonyl) phenyl], is a selective post-emergence herbicide belonging to the phenyl pyrazolyl ketone group. It is widely used for selective control of broadleaf and grassy weeds in maize (Madhavi et al., 2013) due to its systemic action and broad-spectrum efficacy. Its mode of action involves inhibition of 4-hydroxyphenylpyruvate dioxygenase (4-HPPD), an enzyme regulating carotenoid biosynthesis, leading to bleaching of foliage and plant death (Mitchell et al., 2001). The compound is a weak acid (pKa = 4.06), existing in equilibrium between dissociated and undissociated forms depending on soil pH (APVMA, 2019). In alkaline soils, the predominance of the anionic form results in reduced affinity for negatively charged soil colloids, lowering adsorption and enhancing mobility.
Environmental fate studies conducted in temperate regions have demonstrated that biotransformation is the primary dissipation mechanism of topramezone, although the process is relatively slow, with half-lives ranging between 125 and 365 days under aerobic laboratory conditions (EFSA, 2014; US EPA, 2013). Adsorption and desorption are critical precursors to degradation, and their variability across soils with different organic matter, texture, and mineralogy greatly influences the persistence and potential transport of topramezone (Figueroa-Diva et al., 2010; Pusino et al., 2010). Weakly acidic herbicides with low koc values and moderate persistence are typically more mobile in alkaline and low-organic-carbon soils, a pattern observed for similar HPPD inhibitors such as mesotrione and tembotrione (Hollaway et al., 2013; Baumann et al., 2014). The leaching potential of herbicides is closely linked to both their sorptive capacity and persistence in soil. The Groundwater Ubiquity Score (GUS) developed by Gustafson (1989) provides an integrated assessment of leaching risk by combining adsorption coefficients (koc) and degradation half-lives (DT₅₀). Compounds with low adsorption and longer persistence show higher GUS values and consequently a greater risk of groundwater contamination.
In Telangana, maize is grown on contrasting soils—red sandy loam (Alfisol) and black clay (Vertisol)—that differ markedly in pH, organic carbon, and CEC, which in turn may influence herbicide sorption and movement. Despite the extensive use of topramezone for post-emergence weed control in maize, no systematic data are available on its adsorption–desorption and leaching behaviour under Indian tropical conditions. Therefore, the present study was conducted to quantify the adsorption characteristics of topramezone in red and black soils of Telangana using Freundlich isotherm models; to evaluate the influence of key soil properties (pH, organic carbon, CEC) on adsorption parameters (kf, 1/n, koc); and to assess its potential mobility and leaching risk through the GUS index derived from experimentally determined sorption and literature-based degradation data. The study aims to generate a scientific understanding of the environmental mobility of topramezone and to provide baseline information for developing safe, soil-specific weed management recommendations in maize-based cropping systems of semi-arid India.
2. material and methods 

2.1 Soil sampling and characterization
Representative soil samples of red sandy loam (Alfisol) and black soils (Vertisol) were collected from 0-15 cm of the top soil in maize-growing areas of Telangana, India. The soils were air-dried under shade, gently ground, and passed through a 2 mm sieve prior to analysis. The soil pH and electrical conductivity (EC) were measured in a 1:2.5 soil-to-water suspension using a digital pH meter and conductivity bridge, respectively, following standard procedures. Organic carbon content was determined by the Walkley and Black (1934) rapid titrimetric method involving oxidation with potassium dichromate and concentrated sulfuric acid followed by back titration with ferrous ammonium sulfate. The cation exchange capacity (CEC) was determined by the ammonium acetate method (Richards et al., 1954) at pH 7.0 and expressed as cmol(p⁺) kg⁻¹.
2.2 Adsorption studies
The adsorption behaviour of topramezone was studied by the batch equilibrium method following the OECD guideline No. 106 (OECD, 2000). Five grams of soil were equilibrated with 20 mL of topramezone solutions of varying initial concentrations of 10 levels (0–50 µg mL⁻¹) prepared in 0.01 M CaCl₂ solution to maintain constant ionic strength. The suspensions were placed in 50 mL stoppered polypropylene centrifuge tubes and shaken on a reciprocating shaker at 27 ± 1 °C for 24 h, which was predetermined to be sufficient to attain equilibrium. Following equilibration, the tubes were centrifuged at 4000 rpm for 15 min, and the supernatant was filtered through Whatman No. 42 filter paper. The experiment was conducted with three replicates and the average values are reported in the adsorption tables
The concentration of topramezone remaining in solution was determined by high-performance liquid chromatography (HPLC-UV) as described by Gade et al. (2015) with suitable modifications. The analytical system comprised a C18 column (250 × 4.6 mm, 5 µm) with a mobile phase of acetonitrile:water (65:35, v/v) adjusted to pH 2.5 using orthophosphoric acid, a flow rate of 1.0 mL min⁻¹, and UV detection at 220 nm. The calibration curve was linear within the range 0.05–5.0 µg mL⁻¹ (r² > 0.995). Identical soil blanks (without herbicide addition) were included to correct for background absorbance.
The amount of topramezone adsorbed per unit mass of soil (x/m) was calculated from the difference between the initial and equilibrium concentrations. Adsorption data were fitted to the Freundlich isotherm, expressed as
x/m=Kf . Ce1/n
​ where x/m is the quantity of herbicide adsorbed (µg g⁻¹), Cₑ is the equilibrium concentration in solution (µg mL⁻¹), kf is the Freundlich adsorption coefficient indicating sorption capacity, and 1/n represents adsorption intensity. The linearized form,
log (x/m)= log Kf +1/n (logCe​)
was used to estimate kf and 1/n from regression analysis. The coefficient of determination (R²) was used to evaluate the goodness of fit.

3. results and discussion

The red and black soils of Telangana differed distinctly in their physico-chemical characteristics, influencing the sorption behaviour of topramezone. The red soil was neutral in reaction (pH 6.62), sandy loam in texture, with medium organic carbon (0.56%) and a cation exchange capacity (CEC) of 16.21 cmol(p⁺) kg⁻¹, whereas the black soil was slightly alkaline (pH 8.12), clayey in texture, with low organic carbon (0.49%) and higher CEC (28.65 cmol(p⁺) kg⁻¹). 
Table 1. Physico-chemical properties of the selected soil samples
	Adsorption parameter
	Red soil
	Black soil

	pH
	6.62
	8.12

	CEC (C mol (p+)/kg)
	16.21
	28.65

	Organic carbon (%)
	0.56
	0.49

	Clay (%)
	24.5
	36.2

	Silt (%)
	12.8
	16.9

	Sand (%)
	62.7
	46.9



The amount of topramezone adsorbed increased with its equilibrium concentration in both soils. At an initial concentration of 5 µg mL⁻¹, adsorption ranged from 3.55 µg g⁻¹ in red soil to 2.68 µg g⁻¹ in black soil, while at 50 µg mL⁻¹, adsorption increased to 28.98 µg g⁻¹ and 24.98 µg g⁻¹, respectively. Adsorption was initially slow at lower concentrations (<15 µg mL⁻¹), accelerated at intermediate levels, and tended to plateau beyond 40 µg mL⁻¹, indicating saturation of active sorption sites.
 Table 2. Adsorption of topramezone in red and black soil samples (2 mm sieved)
	Red soil
	Black soil

	Initial Conc.
(µg/mL)
	Ce
Eq. Conc
(µg/mL)
	x/m
Amount adsorbed
(µg/g)
	Log Ce
	log x/m
	Initial Conc.
	Ce
Eq. Conc
(µg/mL)
	x/m
Amount adsorbed
(µg/g)
	Log Ce
	log x/m

	5
	4.11
	3.55
	0.614
	0.550
	5
	4.33
	2.68
	0.636
	0.428

	10
	8.59
	5.65
	0.934
	0.752
	10
	8.94
	4.23
	0.951
	0.626

	15
	13.03
	7.88
	1.115
	0.897
	15
	13.28
	6.87
	1.123
	0.837

	20
	16.95
	12.22
	1.229
	1.087
	20
	17.44
	10.23
	1.242
	1.010

	25
	20.61
	17.55
	1.314
	1.244
	25
	21.36
	14.56
	1.330
	1.163

	30
	24.47
	22.11
	1.389
	1.345
	30
	25.31
	18.78
	1.403
	1.274

	35
	28.65
	25.41
	1.457
	1.405
	35
	29.59
	21.65
	1.471
	1.335

	40
	33.16
	27.36
	1.521
	1.437
	40
	34.22
	23.12
	1.534
	1.364

	45
	37.86
	28.55
	1.578
	1.456
	45
	38.97
	24.12
	1.591
	1.382

	50
	42.76
	28.98
	1.631
	1.462
	50
	43.76
	24.98
	1.641
	1.398
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Fig 1: Adsorption isotherms in red soils
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Fig 2. Adsorption isotherms in black soils

Table 3. Kd and K doc, Freundlich constants (kf, n and kfoc) values for adsorption of topramezone on 2 mm soil samples (Red and Black soils)

	Adsorption parameter
	Red soil
	Black soil

	Slope
	1.016
	1.083

	Intercept
	-0.135
	-0.318

	OC (%)
	0.56
	0.49

	1/n
	0.984
	0.923

	Kf
	0.733
	0.481

	Kfoc
	130.9
	98.2

	Kd
	0.779
	0.638

	Kdoc
	139.07
	130.11


The adsorption isotherms were parabolic with a characteristic S-shape in both soils, typical of compounds exhibiting variable affinity at different concentration ranges. The data fitted well to the Freundlich adsorption equation, confirming nonlinear sorption (1/n < 1), which suggests heterogeneous energy distribution of sorption sites. The higher Freundlich adsorption coefficient (kf = 0.733) and kfoc value (130.9) in red soil compared to black soil (kf = 0.481, kfoc = 98.2) indicated stronger sorption in the red soil. Although the black soil contained more clay and had higher CEC, its slightly alkaline reaction and lower organic matter reduced topramezone retention. Similar observations were reported by Baumann et al. (2014) and Hollaway et al. (2013), who found that weakly acidic herbicides exhibit lower adsorption in alkaline soils due to increased dissociation.
Topramezone, being a weak acid (pKa = 4.06), exists predominantly in its anionic form in soils with pH > 6.5, where electrostatic repulsion between negatively charged soil colloids and anionic species limits sorption. This explains the lower adsorption observed in the black soil (pH 8.1). Conversely, in the slightly acidic red soil, a greater proportion of the undissociated molecule may interact with organic matter and weakly charged mineral surfaces, enhancing sorption. Previous studies have also emphasized that for weak acid herbicides, soil reaction and organic matter rather than CEC or clay content is the primary factor influencing adsorption (Walker and Jurado-Exposito, 1998; Wauchope et al., 2002).
Overall, the results demonstrate that topramezone adsorption is governed largely by soil pH and organic carbon rather than clay or exchange capacity. The S-shaped Freundlich isotherms suggest limited adsorption sites at low concentrations and increased site affinity at moderate solute levels, followed by desorption or competition effects at higher concentrations, consistent with reports for other HPPD-inhibiting herbicides such as mesotrione and tembotrione (Pusino et al., 2010; Figueroa-Diva et al., 2010). The weaker sorption and higher mobility of topramezone in alkaline soils imply a greater leaching potential in Vertisols compared with Alfisols under Telangana conditions.
4. Conclusion

Topramezone exhibited nonlinear, concentration-dependent adsorption in both soils, with higher sorption in the red sandy loam (Alfisol) than in the black clay (Vertisol). The greater adsorption in red soil was attributed to its slightly acidic pH and higher organic carbon, while reduced sorption in black soil resulted from alkaline reaction and predominance of the anionic herbicide form. Freundlich isotherms confirmed heterogeneous sorption sites and S-shaped behaviour. Overall, soil pH and organic matter governed topramezone adsorption more than clay or CEC, indicating higher mobility and leaching potential in alkaline Vertisols than in acidic Alfisols of Telangana.
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