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Adsorption behaviour of Pyrithiobac sodium in cotton growing soils of Telangana state, India
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ABSTRACT 

	The environmental behaviour of herbicides is largely determined by sorption–desorption and dissipation processes that regulate their persistence, bioavailability, and mobility in soil. Herbicides that are weakly adsorbed are more prone to leaching and runoff losses, leading to possible groundwater contamination, while strongly adsorbed compounds may persist longer and cause carryover injury to succeeding crops. Thus, understanding the sorption–desorption and dissipation behaviour of herbicides under specific soil and climatic conditions is critical for devising safe and efficient weed management strategies. The present study was conducted to examine the adsorption and dissipation behaviour of pyrithiobac-sodium in representative red and black soils of Telangana State, India, which differ in texture, organic matter, and cation exchange capacity (CEC). The adsorption of pyrithiobac-sodium was studied using the batch equilibrium method as per OECD guidelines. Soil samples were equilibrated with pyrithiobac-sodium solutions of varying concentrations (0–50 µg mL⁻¹) at 27 ± 1°C. Adsorption data were fitted to the Freundlich equation to describe the isotherm characteristics. Results revealed that adsorption increased with equilibrium concentration in both soils. At the lowest concentration (5 µg mL⁻¹), the amount adsorbed was 1.06 µg g⁻¹ in red soil and 1.62 µg g⁻¹ in black soil, whereas at the highest concentration (50 µg mL⁻¹), it increased to 7.41 and 14.41 µg g⁻¹, respectively. The Freundlich model provided an excellent fit (R² > 0.95). The Kf values were 0.26 and 0.36, while Kd values were 0.19 and 0.39 for red and black soils, respectively. The black soil, with higher clay and CEC, exhibited greater sorption capacity, whereas red soil showed higher mobility potential due to its coarse texture and low organic carbon. Pyrithiobac-sodium displayed weak overall sorption, suggesting higher leaching potential in coarse-textured soils. These results highlight the significance of soil properties in predicting herbicide fate and guiding site-specific management in Telangana’s cotton-growing regions. 
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1. INTRODUCTION 
Chemicals termed herbicide(s) are being used as a first choice by farmers for weed management practices due to easy application techniques, cost-effectiveness and quick and better weed control efficiency compared to other techniques including mechanical, physical, cultural, and biological (Paul et al., 2023). The environmental fate of herbicides is largely governed by sorption–desorption and dissipation processes that control their persistence, bioavailability, and potential for off-site movement. Sorption influences the partitioning of an herbicide between the soil solid phase and soil solution, thereby affecting its mobility, degradation rate, and ecological impact. Sorption, desorption, and leaching are some of the processes that are included among the most important transportation pathways. Due to their extensive application and their potential ecotoxicological effects, the global scientific interest focusing on the research of the environmental fate and behaviour of pesticides after their entrance in the environmental matrices is undiminished (Vagi & Petsas, 2022; Sharipov et al., 2021). Herbicides that are weakly adsorbed are more prone to leaching and runoff losses, leading to possible groundwater contamination, while strongly adsorbed compounds may persist longer and cause carryover injury to succeeding crops [1]. Thus, understanding the sorption–desorption and dissipation behaviour of herbicides under specific soil and climatic conditions is critical for devising safe and efficient weed management strategies.
Pyrithiobac-sodium, a selective post-emergence herbicide widely applied in cotton-based cropping systems, is known for its low sorption capacity and high mobility in soils. Although there are numerous pre and post-emergence herbicides available for weed control, the complex weed flora in cotton needs the use of a combination of pre- and post-emergence herbicides to effectively manage weeds during the critical period of crop weed competition (Dharani et al., 2023). Chemically, pyrithiobac is a weak acid with a pKa of 2.34, possessing very high aqueous solubility 705 g L⁻¹ (2 M) at pH 7 and 264 g L⁻¹ (0.77 M) at pH 5, and a molecular weight of 326.4 g mol⁻¹ (Ferguson et al., 2020). Under normal soil solution conditions (pH > 5), it predominantly exists as a singly charged anion. [2] observed low adsorption coefficients (Kd = 0.22–0.59 L kg⁻¹) and organic carbon partition coefficients (Koc < 60), signifying minimal affinity for soil colloids. Similarly, [3] demonstrated rapid leaching of pyrithiobac-sodium through alkaline, smectitic soils in column studies, while [4] found that liming and elevated soil pH further increased leaching losses in tropical soils. Collectively, these findings highlight that soil pH, organic carbon content, texture, and calcium carbonate levels are major determinants governing the ionisation, sorption, and subsequent environmental mobility of pyrithiobac-sodium.
[5] reported that microbial metabolism of pyrithiobac-sodium generates several minor transformation products and results in the formation of nearly 60 per cent non-extractable residues, suggesting that the compound exhibits moderate persistence while undergoing relatively rapid biotransformation in active soils. According to regulatory evaluations by the U.S. Environmental Protection Agency (2017) [6] and the Australian Pesticides and Veterinary Medicines Authority [7], pyrithiobac-sodium is characterised as slightly to moderately persistent but highly mobile in soil environments, indicating an elevated risk of leaching under alkaline or low-organic-carbon conditions.
Despite widespread use of this herbicide in Indian cotton ecosystems, there is a lack of systematic information on its adsorption in Indian soils, particularly in Telangana, where cotton is predominantly grown on Vertisols and Inceptisols with alkaline pH and low organic carbon and Alfisols with slightly acidic soil reaction and low CEC [8]. These soil characteristics may significantly alter the sorption and dissipation behaviour of pyrithiobac-sodium compared to other regions. The present study was undertaken to investigate the adsorption characteristics of pyrithiobac-sodium in representative cotton soils of Telangana State.

2. material and methods 

Soil physical, chemical and Physico-chemical properties
The soil samples representing the typical red and black soils of the study area were collected, air-dried under shade, gently pulverised, and passed through a 2 mm sieve before analysis. Comprehensive physicochemical characterisation was undertaken to establish the baseline properties governing the adsorption and dissipation dynamics of pyrithiobac-sodium. Soil reaction (pH) and electrical conductivity (EC) were determined in a 1:2.5 soil-to-water suspension using a standardised digital pH meter and conductivity bridge, respectively, following established analytical protocols.
The organic carbon (%) was determined by the [9] rapid titrimetric method, involving oxidation with potassium dichromate and concentrated sulfuric acid, followed by back-titration using ferrous ammonium sulphate. The cation exchange capacity (CEC), indicating the soil’s cation retention and sorptive capacity, was estimated following [9] with 1 N ammonium acetate (pH 7.0) as extractant and expressed in cmol(p⁺) kg⁻¹. Physico-chemical data served as a reference framework for interpreting the influence of soil properties on the adsorption processes in red and black soils.
Adsorption Studies
The adsorption behaviour of pyrithiobac-sodium in soil was evaluated using the batch equilibrium method as per the OECD (Organisation for Economic Co-operation and Development) guidelines. Representative red and black soil samples were collected from farmers’ fields of cotton-growing areas in Telangana, air-dried under shade, ground, and passed through a 2 mm sieve prior to analysis. The adsorption experiments were carried out in triplicate to ensure reproducibility. For each treatment, 5.0 g of soil was equilibrated with 20 mL of pyrithiobac-sodium solution of varying initial concentrations ranging from 0 to 50 µg mL⁻¹ in 50 mL stoppered polypropylene centrifuge tubes. A 0.01 M CaCl₂ solution was used as the background electrolyte to maintain constant ionic strength and to minimise variation in cation exchange during the adsorption process. The tubes were placed on a reciprocating shaker and agitated intermittently for 24 hours at a constant temperature of 27 ± 1°C, which was previously determined to be sufficient to attain adsorption equilibrium.
After equilibration, the suspensions were centrifuged at 4,000 rpm for 15 minutes to separate the soil and supernatant phases. At each sampling, the herbicide residues were extracted and quantified following the high-performance liquid chromatography (HPLC–UV) method described by [10]. Identical soil blanks (without herbicide addition) were maintained under the same conditions to account for any background absorbance arising from the soil matrix. The actual equilibrium absorbance was obtained by subtracting the blank values from the treatment readings, and the equilibrium concentration (Ce) of pyrithiobac-sodium in solution was determined from the calibration curve developed under identical analytical conditions.
The equilibrium adsorption data obtained were described using the Freundlich adsorption isotherm model, which is widely employed to characterise nonlinear and heterogeneous sorption processes in soils. The Freundlich equation is expressed as:
x/m=Kf. Ce1/n

​ 	where x/m represents the amount of herbicide adsorbed per unit mass of soil (µg g⁻¹), Cₑ is the equilibrium concentration of the herbicide in solution (µg mL⁻¹), Kf is the Freundlich adsorption coefficient that indicates the adsorption capacity of the soil, and 1/n is the adsorption intensity constant reflecting the heterogeneity of binding sites.
To facilitate linear regression analysis, the above equation was transformed into logarithmic form as:
log (x/m)= log Kf +1/n (logCe​)
A plot of log (x/m) versus log(Ce) was constructed for each soil type, and the slope (1/n) and intercept (log Kf) were determined from the linear regression equation. The correlation coefficient (R²) was used to assess the goodness of fit between experimental data and the Freundlich model. The parameters Kf and 1/n thus obtained provided quantitative estimates of the extent and intensity of pyrithiobac-sodium sorption in red and black soils of Telangana, enabling comparison of their sorptive capacities and prediction of the herbicide’s potential mobility under field conditions.
3. results and discussion

Soil characteristics
The inherent variations in soil characteristics markedly (Table 1.) influenced the adsorption behaviour of pyrithiobac-sodium. The black soil, being mildly alkaline (pH ≈ 7.58), had higher clay content, moderate organic carbon, and a greater cation exchange capacity of 23.18 cmol(p⁺) kg⁻¹. In contrast, the red soil was neutral in reaction (pH ≈ 6.8), sandy loam in texture, low in organic carbon, and possessed a lower CEC of 17.82 cmol(p⁺) kg⁻¹.



Table 1. Physico-chemical properties of the selected soil samples

	Adsorption parameter
	Red soil
	Black soil

	pH
	6.72
	7.58

	CEC (C mol (p+)/kg )
	17.82
	23.18

	Organic carbon (%)
	0.39
	0.44

	Clay (%)
	20.2
	34.5

	Silt (%)
	14.2
	18.5

	Sand (%)
	65.6
	47.0



Adsorption Behaviour of Pyrithiobac-Sodium in Soils
The amount of pyrithiobac-sodium adsorbed by the soils increased progressively with increasing equilibrium concentration in both red and black soils (Table 2.). At the initial concentration of 5.0 µg mL⁻¹, the adsorption ranged from 1.06 µg g⁻¹ in red soil to 1.62 µg g⁻¹ in black soil. At the highest concentration of 50.0 µg mL⁻¹, the corresponding adsorption values increased to 7.41 µg g⁻¹ and 14.41 µg g⁻¹, respectively. The consistently higher adsorption in black soil can be attributed to its greater clay fraction, higher cation exchange capacity (24.2 cmol(p⁺) kg⁻¹), and moderate organic carbon content, which together provided a higher number of active binding sites for herbicide retention. In contrast, the red soil, being sandy loam in texture with lower organic carbon and lower CEC (15.91 cmol(p⁺) kg⁻¹), exhibited weaker adsorption potential. These findings are consistent with earlier reports indicating that sorption of pyrithiobac-sodium and similar weakly acidic herbicides increases with soil clay and organic matter content but decreases under higher pH conditions [2]; [3]; [4]. [11] reported similar influence of soil properties in their study on bispyribac sodium in rice growing soils of Telangana state.
At lower equilibrium concentrations (<15 µg mL⁻¹), adsorption increased slowly, probably due to initial occupation of a limited number of high-affinity sorption sites. As concentration increased (15–40 µg mL⁻¹), the rate of adsorption accelerated markedly, suggesting progressive occupation of available sorption sites. Beyond 40 µg mL⁻¹, adsorption approached a plateau, indicating saturation of binding sites or competitive displacement of herbicide molecules by water at higher solute concentrations. Such nonlinear, concentration-dependent sorption behaviour is typical of ionic herbicides in heterogeneous soils, reflecting variable energy interactions between herbicide molecules and soil colloids.
The adsorption isotherms, plotted between the amount of herbicide adsorbed (x/m) and equilibrium concentration (Cₑ), were parabolic with a characteristic “S” shaped curve in both soils, suggesting cooperative adsorption on heterogeneous surfaces (Fig. 1 & 2). The experimental data conformed well to the Freundlich adsorption isotherm, with correlation coefficients (R² > 0.95), confirming that the sorption process was heterogeneous. The Freundlich constants (kf and 1/n), derived from the logarithmic form (Table 2), indicated that kf was higher for the black soil (0.36) than for the red soil (0.26), reflecting greater sorption capacity. The 1/n values were less than unity in both soils, signifying favourable and nonlinear adsorption, wherein sorption sites of differing affinities contribute variably to total adsorption as concentration increases.
Table 2. Adsorption of pyrithiobac sodium 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. (µg/mL)
	Ce
Eq. Conc
(µg/mL)
	x/m
Amount adsorbed
(µg/g)
	Log Ce
	log x/m

	5
	4.51
	1.21
	0.654
	0.083
	5
	4.18
	1.57
	0.621
	0.196

	10
	9.28
	1.81
	0.968
	0.258
	10
	8.63
	2.57
	0.936
	0.410

	15
	14.08
	2.61
	1.149
	0.417
	15
	13.04
	4.24
	1.115
	0.627

	20
	19.02
	3.64
	1.279
	0.561
	20
	17.21
	6.88
	1.236
	0.838

	25
	23.61
	5.12
	1.373
	0.709
	25
	21.40
	8.86
	1.330
	0.947

	30
	28.12
	5.71
	1.449
	0.757
	30
	25.56
	11.00
	1.408
	1.041

	35
	33.34
	6.32
	1.523
	0.801
	35
	29.70
	13.14
	1.473
	1.119

	40
	38.65
	6.67
	1.587
	0.824
	40
	34.16
	14.08
	1.534
	1.149

	45
	43.44
	7.02
	1.638
	0.846
	45
	38.85
	14.98
	1.589
	1.176

	50
	48.12
	7.22
	1.682
	0.859
	50
	43.54
	15.66
	1.639
	1.195



	
	

	Fig. 1. Adsorption isotherms of pyrithiobac sodium on red soil (2 mm sieved)

	
	

	Fig.2. Adsorption isotherms of pyrithiobac sodium on black soil (2 mm sieved)






Table 3. Kd and K doc, Freundlich constants (K f, n and K foc) values for the adsorption of pyrithiobac sodium on 2 mm soil samples (Red and Black soils)

	Adsorption parameter
	Red soil
	Black soil

	Slope
	0.894
	1.026

	Intercept
	-0.575
	-0.448

	OC (%)
	0.39
	0.44

	Nn
	1.12
	0.97

	Kf
	0.26
	0.36

	Kfoc
	66.67
	80.91

	Kd
	0.19
	0.39

	Kdoc
	47.62
	88.35


The distribution coefficient (kd) and organic carbon-normalised adsorption coefficient (kdoc) further substantiated these findings. The kd and kdoc values for red soil were 0.19 and 47.62, respectively, while those for black soil were 0.39 and 88.35. The relatively low kd and kf values suggest that pyrithiobac-sodium exhibits weak sorption affinity and therefore higher mobility potential, especially in coarse-textured, low-organic soils. Conversely, the higher kdoc in black soil reflects stronger interactions between pyrithiobac-sodium and clay–humus complexes, which are more abundant and stable in smectitic black soils than in low-activity kaolinitic red soils. Thus, higher clay content, greater CEC, and the presence of active 2:1 clay in black soils collectively enhanced the retention of pyrithiobac-sodium, reducing its potential mobility compared to red soils. These results are in close agreement with the observations of [2], [3], and [4], who reported that adsorption of pyrithiobac-sodium was primarily governed by soil mineralogy, organic matter, and surface charge properties. Similar results were reported in tomato growing soils of Telangana state for the adsorption of metribuzin [12].
4. Conclusion

Pyrithiobac-sodium displayed weak overall sorption, suggesting higher leaching potential in coarse-textured soils. However, stronger adsorption in clay-rich black soils indicates lower mobility but possible persistence. These results highlight the significance of soil properties in predicting herbicide fate and guiding site-specific management in Telangana’s cotton-growing regions. 
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