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1. ABSTRACT  

Conservative tillage practices and application of organic amendments to soil improves its 

fertility and its present and future agronomic value. These practices increase the organic 

matter content in soil and can modify its physical, chemical, biological and hydrological 

properties (OM, bulk density, soil structure, porosity, etc.). Consequently, they can modify 

the behaviour and environmental fate of herbicides in soil. In this thesis project we studied 

the adsorption-desorption of three herbicides (S-metolachlor, foramsulfuron, and 

thiencarbazone-methyl) on wheat straw mulch at three different decomposition rate (M1, 

M2 and M3) and size particle (M1 crop residue milled (MM1)), and in two soils non-amended 

(S1 and S2) and amended with MM1 (S1+MM1 and S2+MM1) as well as the properties of 

herbicides, mulches and soils that effected the adsorption-desorption of these compounds. 

Adsorption-desorption isotherms were obtained by the batch equilibrium technique and 

fitted to Freundlich model. The Kf values for S-metolachlor (1.3 < Kf < 65.8) increased in the 

order: S1 < S2 < S1+MM1 < S2+MM1 << MM1 < M1 < M2 < M3 according to the increase in 

OC and/or DOC content of the adsorbents. This order was the same as observed for 

foramsulfuron (0 < Kf < 34.3) except on MM1. The adsorption of thiencarbazone-methyl (0.01 

< Kf < 1.10) increased in the order: S1 ~ S1+MM1 < S2 < S2 + MM1 = M3 < M2 ~ M1 < MM1. 

The desorption Kfd values varied between 3.39 and 65.1 for S-metolachlor, 0 – 26.3 for 

foramsulfuron, and 0.19 - 7.65 for thiencarbazone-methyl. In general, Kfd values were higher 

for mulches than for soils (unamended and amended). CO and COD play an important role in 

adsorption-desorption of the 3 compounds; however, CO was the most important variable 

controlling the Kf, Kfd, of S-metolachlor, Kd of foramsulfuron and Kf of thiencarbazone-methyl. 

DOC was the one that controlled the desorption Kfd of the thiencarbazone-methyl. 



5 
 

2. INTRODUCTION 

For decades, man has produced food through a system dominated by growing the same 

crops year after year, by using large quantity of chemical pesticides and fertilizers . 

Application of these compounds to crop increases its production, however, it also carries 

several dangers. Excess uses of pesticides may result in a series of problems related to both 

loss of their effectiveness in the long run and certain externalities like pollution (soil, water 

and air) and human health hazards, it also increases the production cost (Sabur and Molla 

2001).  

In many places around the world, the soil has already suffered long-term damage, and 

water resources are often overused or polluted by fertilizers and pesticides(Silva et al. 

2019)(Li et al. 2014)(Herrero-Hernández et al. 2017)(Sousa et al. 2018)(Robson R.M. 

Barizon et al. 2020). These negative effects have heightened awareness of the fact that 

agriculture does more than produce food, animal feed and energy, it also impacts the 

climate and the health of the ecosystem. In some parts of the world, a growing number 

of innovative farmers are taking a different path, moving toward a farming system that 

is more sustainable — environmentally, economically and socially 

(https://yali.state.gov/sustainable-farming-practices-and-efficient-resource-

management/).  

Some of sustainable practices need for the food production and preservation of the ecological 

system are minimal use of fertilizers and pesticides, application of organic amendments to 

soil, mulching, cover crops, rotating crops, integrated pest management, reduced or 

eliminating tillage. These practices increase the soil productivity while minimizing harmful 

effect on the climate. The application of organic residues to soil as organic amendments has 

been proposed as alternative for mineral fertilizers (Luo et al. 2018). Among the organic 

residues applied to soil as organic amendments are from agriculture (crop residues, straw, 

green compost), livestock (manure and slurry), urban waste and agro-industrial activities 

(wine, beer, mushroom cultivation). On the other hand, many research papers have identified 

several benefits of conservation tillage with respect to soil physical, chemical and biological 

properties as well as crop yield (Gil-Ribes et al. 2017)(FAO 2016) (Gabriel et al. 2019)(Trail et 

al. 2016)(Thierfelder, Matemba-Mutasa, and Rusinamhodzi 2015). Cover crops have also 

been shown to increase crop yields, increase soil organic matter (OM) content, prevent 

leaching of nutrients, attract pollinators, etc. Reduced or no tillage, crop residue 
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management, direct sowing, and crop rotation are the pillars of conservation tillage (FAO 

2016). 

However, it should be also highlighted that the application of pesticides to soil under these 

sustainable practices might modify the dynamics of these compounds in the soil and 

consequently their environmental fate (Alletto et al. 2010) (Carpio et al. 2021) being it object 

of study in this thesis.     

 

2.1. Pesticides  
Pesticides are the chemicals (natural or synthetic) employed in agriculture to control pests, 

weeds and diseases in plants. Nearly 45% of the yearly food production is lost due to pest 

infestation. Because of loss, effective pest management by using wide range of pesticides is 

needed to reduce pest and to speed up the crop production (Sharma et al. 2019). It is 

generally accepted that pesticides play an important role in agriculture development because 

they can reduce the losses of agriculture products and improve the affordable yield and 

quality of crops (Tudi et al. 2021). Due to emergency to increase the food production and 

control insect borne diseases, to reduce malnutrition, the development of pesticides 

increased during the Second World War. Worldwide pesticide production increased at a rate 

of about 11% per year, from 0.2 million tons in the 1950s to more than 5 million tons by 2000. 

Currently, three billion kilograms of pesticides are used worldwide every year (Tudi et al. 

2021). Asia continent occupies first place in percentage of pesticides used in world with 52.8% 

followed by America with 30% and Europe stands in third place with 13.7% (Figure 1). While 

1% of pesticides are effectively used to control insect pests on target plant, the large amount 

of remaining pesticides contamination has polluted the environment and caused negative 

impacts on human health (Ivanova et al. 2016) Pesticides are classified attending different 

terms such as chemical classes, functional groups, modes of action, and toxicity. However, 

the most common classification of pesticides is focused on the target pest, including 

fungicides, insecticides, herbicides, rodenticides, acaricides, bactericides, mollusquicides, etc. 

For example, fungicides are used to combat against fungi, insecticides against insects, 

herbicides are used to kill weeds, etc. (Tudi et al. 2021). At European level, the use of 

fungicides and bactericides, accounted for the most proportion of total pesticides (46%) in 

2016, seconded by herbicides, haulm destructors and moss killers (29%) and followed by 
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insecticides and acaricides (11%), and other plant protection products (14%) (Figure 2, data 

shown is received from the 20 EU member states).  

  

Figure 1. Percentage of pesticides used around the world by continent wise  

(Source : www.fao.org/faostat) 

 

 

Figure 2. Percentage of total volume pesticides sales by category (2016) (Source: 
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/DDN-20181015-1)  

 

The experimental part of this memory has been carried out by using compounds with 

herbicide activity. Herbicides are cheap, efficient and easily available, the chemicals used for 

http://www.fao.org/faostat
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combating the weeds or inhibiting their growth. There is a wide range of compounds with 

herbicide application, some of these compounds have inorganic composition (e.g., arsenic 

acid, borax, copper sulfate, etc.) while other have an organic composition (e.g., butachlor, 

alachlor, paraquat, diquat, diuron, nitralin, 2,4-D, etc.). Some of them have a selective mode 

of action (e.g. propanil, EPTC, 2,4-D, etc.) while others are non-selective (e.g. paraquat, 

glyphosate, sulphuric acid, sodium arsenate, etc.) (Kaur et al. 2019). In this memory, three are 

the target herbicides: S-metolachlor, foramsulfuron and thiencarbazone-methyl. These three 

compounds are used in control of weeds in maize, the main crop of the present experiment 

carried out at laboratory scale within a project set up at field scale (See Materials and 

Methods Section). 

2.2. Pesticide behaviour in the environment 

When pesticides are applied to a target plant or soil, they have the capacity to enter into the 

environment. On entering into the environment, pesticides may undergo three main 

processes that control the behaviour and fate of pesticides in the soil: accumulation, 

elimination, transfer or movement (Figure 3) (Singh 2012). 

1. Processes responsible for the accumulation of pesticides in soil: This type of processes 

implies the passage between two media without undergoing any chemical 

transformation allowing the pesticide to retain the function for which it was designed. 

Within this group are the adsorption-desorption processes (objective of this memory).  

2. Processes responsible for the elimination of pesticides in soil: They are 

photochemical, chemical or biological processes that involve a transformation of 

these compounds giving place others with different function, toxicity and behaviour 

than the originals. Within these processes are the degradation phenomena (non-

objective of this memory). 

3. Processes responsible for the movement of pesticides in soil: Like the accumulation 

processes do not involve any chemical transformation of the pesticide, but they differ 

in significant displacement type of process of the pesticide relative to its initial 

position. Within these processes are the phenomena of leaching, runoff and 

volatilization (non-objective of this memory). 

These processes depend in turn on the physio-chemical properties of the soil and pesticides 

as well as on environmental factors (Marín Benito 2011). 
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Figure 3. Pesticide behaviour in the natural environment (Tudi et al. 2021) 

 

2.2.1 Accumulation processes: Adsorption 
It is a physiochemical process that largely governs the environment fate of pesticides in the 

soil ( Gavrilescu 2005). It is a process by which the molecules of a solute (adsorbate) pass from 

the aqueous phase to the surface of a solid that acts as a sorbent (adsorbent) (Calvet 1989). 

In this case, the pesticide molecule would be the adsorbate and the soil particles those of the 

adsorbent. Adsorption is closely related to the specific surface and to the physicochemical 

properties of the soil particles and consequently to their size. When pesticides are used, only 

a small scale of applied pesticides plays a defensive role to fight against plant diseases. In 

contrast, excess of pesticides penetrates into the soil, resulting severe soil and water 

pollution. 

Soil adsorption process depends on various factors including the physicochemical soil 

properties (mainly structure, humidity, texture, pH, clay and organic matter contents) (Kah 

and Brown 2007), pesticide characteristics (solubility in water, hydrophobicity, polarity, etc.) 

and external forces (temperature, rainfall, agriculture practices, etc.) (Gavrilescu 2005). 

Adsorption occurs because of an attraction between the pesticide and soil components. The 

adsorption interactions of pesticide in soil may involve either the mineral or organic 
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components of soil or both. In soils that have high organic matter (OM) levels (>5%), 

pesticides adsorption depends mainly on organic matter content with the nature of organic 

matter  having generally little influence on the adsorption process (Marín-Benito, Andrades, 

et al. 2012) (Djurovic et al. 2009). In soils with low organic matter contents, the adsorption of 

pesticides often depends on active components of the inorganic fraction, which is 

predominantly the clay fraction. An increase in clay content results in increasing adsorption 

of some pesticides (Djurovic et al. 2009). Non-polar compounds are mainly adsorbed by 

hydrophobic partitioning, so OM content is generally the dominant soil parameter 

determining their adsorption(Gavrilescu 2005). Typically, organic-soluble pesticides are more 

attracted to clay particles and to organic matter in soil than water-soluble pesticides. 

Pesticides molecules with positive charge are more tightly adsorbed to negatively charged 

soil particles. A pesticide that adsorbs to soil particles is less likely to move from the 

application site than a chemical that does not adsorb tightly to the soil (Pesticide 

characteristics-UF/IFAS EDIS). In contrast, pesticides that are highly soluble in water dissolve 

easily in this mean. Such pesticides are not strongly adsorbed on soil being more likely their 

movement in soil surface by runoff or through the soil dissolved in water than less-soluble 

pesticides. The climatic factors that influence the adsorption of organic compounds in soils 

are the temperature and moisture content of the soil linked to the rainfall events. It is often 

assumed that adsorption is an exothermic process, whereby an increase in temperature leads 

to decreased adsorption and increased desorption rates (Pierzynski et al. 2020), whilst the 

soil moisture content affects to the pesticides’ adsorption through their solubility in water 

previously explained. 

2.2.2 Accumulation processes: Desorption 
Desorption process is the phenomenon through which the adsorbate is released from the 

surface of the adsorbent. The mechanism of desorption of the compound will depend mainly 

on the adsorption energy. The higher this energy, the more difficult will be the desorption of 

the pesticide and vice-versa. So, we can speak of a reversible adsorption and an irreversible 

adsorption to a greater or lesser degree depending on whether there is a total or partial 

desorption of the adsorbed molecules, respectively (Silburn 2020). The adsorption-

desorption process is considered of great interest among all the processes involved in the 

evolution of pesticide in the soil mentioned above, since they directly or indirectly influence 
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the magnitude and effect of all of them by conditioning the amount of pesticide available in 

the soil. It is easy to understand, therefore that adsorption hinders leaching, volatilization and 

even biodegradation by microorganisms, since they cannot degrade the pesticide if it is not 

bioavailable. It has been shown that substrates that are not accessible to microorganisms are 

not attacked or attacked more slowly (Marín Benito 2011). While, on the contrary, desorption 

favours these processes to occur.  

2.3. Agriculture practices and its influence on pesticides’ behaviour 
As previously cited, soil and pesticide characteristics play a key role in the behaviour of 

pesticides in soil. This memory pays additional and special attention to the influence of 

external parameters related to the agriculture practices in the main processes that control 

the dynamics of pesticides in soil (adsorption-desorption processes). 

2.3.1. Tillage and no-tillage practices 
Cultivation is defined as ‘the tilling of land’, ‘the raising of a crop by tillage’ or ‘to loosen or 

break up soil’. Other terms include ‘improvement or increase in (soil) fertility’. All these 

definitions indicate that cultivation is synonymous with tillage or ploughing. Cultivation 

(tillage) is a practice that has been introduced from Europe to other countries by farming 

pioneers. The principle of cultivation is to turn the soil into a fine tilth to provide the ideal 

environment for seeds to germinate. Cultivation was also a traditional form of weed control.  

Tillage is used to soften the soil and prepare a seedbed that allowed seed to be placed easily 

at a suitable depth into moist soil using seed drills or manual equipment. This results in good 

uniform seed germination. Wherever crops grow, weeds also grow and compete for light, 

water and nutrients. Every gram of resource used by the weed is one less gram for the crop. 

By tilling their fields, farmers are able to shift the advantage from the weed to the crop and 

allow the crop to grow without competition early in its growth cycle with resulting higher 

yield, with the help of soil nutrients and minerals required for the growth of the crop are 

released by exposure of organic matters to air. Incorporating previous year crop residues into 

the soil help the release and available of soil amendments to the root. 

The collective conservation tillage includes direct drilling, no-tillage, minimum tillage/ ridge 

tillage, each practice includes specific relation to conservation goal of some nature. Usually, 

covering 30% of soil surface by residues defines the lower limit of classification for 

conservation tillage, but influences the other conservation objectives that include 
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conservation of time, fuel, earthworms, soil water, soil structure and nutrients. This shows 

that residue levels alone do not appropriately describe all conservation tillage practices 

(Santel 2012). 

In conservation tillage practice, there is an increase in soil organic matter in the soil surface, 

emission of greenhouse gases such as CO2 is reduced, decreases the soil loss from wind and 

water erosion, increase the water infiltration rate and reduces the evaporation, it promotes 

soil aggregation, increases the soil water and nutrient holding capacity (FAO characterized). 

Closely related to conservation tillage practices are the concepts of cover crops and mulching 

(Busari et al. 2015). 

Cover crops 

Cover crops reduces erosion, increases soil nutrients and moisture availability, and helps to 

regulate the pest, weeds and brings a host of other benefits to fields. Cover crops play a major 

role in chemical properties effected by soil carbon content such as soil pH, cation exchange 

capacity, availability of nutrients, buffering capacity and in physical properties as soil 

structure, soil aggregation is improved. It also includes economic benefits like reduces the 

production cost, cut fertilizer cost (for example, legume cover crops boost atmospheric 

nitrogen fixation and cut the N fertilizer need for succeeding cover crop), reduce the need for 

herbicides and other pesticides, increase profits and even create new source of income 

protect water quality, help safeguard personal health conserve soil health and their benefits 

accumulate over a long term (González-Sánchez et al. 2017). Cover crop purposely not grown 

for market purposes, but ploughed under and incorporated into the soil, at that moment 

these cover crop may be referred as green manure crops, sometimes these cover crops are 

also called as catch crops, by using appropriate herbicides on cover crops are killed on the soil 

surface before they mature (Kaye and Quemada 2017). 

Mulching 

Mulching is defined as the practice of covering upper layer of soil with materials to minimize 

the loss of moisture, balance the soil temperature mainly in the root zone and maintains the 

evaporation loss. An important function of the mulching is to minimize the first stage of drying 

that helps to obtain minimum moisture status, cools the soil, also reduces the seedling 

mortality and improves the crop stand. Mulch is also used for various purposes to control 
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weed growth, reduces the wind and water erosion, increases soil fertility, protect the plant 

from insect pest and disease attack, maintain soil thermal throughout the cropping season 

and increases the crop production. Plastic-film and crop residues are the most common 

materials used as mulching in agriculture (Ghouse 2020). Crop residue mulching is easy to 

handle and defined as technology at least 30% of the soil surface is covered with crop residues 

(organic matter) of the previous crop at the time of crop emergence, chopping of the crop 

residue is required and applied in thin layers of 8 -10 depth and suitable for medium duration 

crop. Straw mulching is one of the most popular methods among the farmers because of its 

low cost, easy availability and soil friendly.  

Figure 4. Plastic-film mulching (left) and straw mulching (right) type in maize cultivation 

(Ghouse 2020) 

 

Effect of conservation tillage practices in pesticides’ behaviour 

It is widely studied the behaviour of pesticides in soil under conventional tillage practices 

being less known the impact in this behaviour of the previously cited conservation agricultural 

practices. Conservation tillage systems may prompt significant changes in physicochemical 

and hydraulic soil properties, soil temperature and humidity, the abundance of faunal and 

microbial populations and biological activity, etc., directly or indirectly affecting the behaviour 

of pesticides in the soil over time (Lionel et al. 2010).  Figure 5 explains about the main 

changes in soil tillage properties due to tillage practices and their effect on the mechanisms 

involved in pesticide fate. Cover crop purposely not grown for market purposes, but ploughed 

under and incorporated into the soil, at that moment these cover crop may be referred as 

green manure crops, sometimes these cover crops are also called as catch crops, by using 
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appropriate herbicides on cover crops are killed on the soil surface before they mature (Kaye 

and Quemada 2017). 

 

 

Figure 5. Relationship between the soil factors modified by tillage operations and the 

processes conditioning the fate of pesticides in soil, water and air.  

 

It is generally expected that conservation tillage systems such as no-tillage improve 

macropore connectivity. This increases pesticide leaching and is the main drawback of 

conservation agriculture practices. In turn, mulch is a lignocellulosic material and could 

modify pesticide leaching in soils by the adsorption-desorption and degradation of these 

compounds, with these processes depending on mulch evolution and pesticide properties, as 

indicated for other materials of a similar nature (Amami et al. 2021)(Cassigneul et al. 

2018)(Aslam et al. 2013) (Cassigneul et al. 2016) .Therefore, a better understanding of the 

adsorption-desorption processes of pesticides is called for in conservation tillage systems. It 
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is especially important for herbicides that play a key role in controlling the weeds competing 

with crops for soil resources because no mechanical destruction of weeds is carried out under 

conservation tillage systems. In this sense, selective and non-selective herbicides are applied 

to control the weeds for the corresponding crop and chemically eliminate the cover crops, 

respectively. This memory should be extended wide range to improve our understanding and 

extrapolate the impact of these conservation agriculture practices on the fate of S-

metolachlor, foramsulfuron and thiencarbazone-methyl.  

2.3.2. Application of organic amendments to soil 
In modern agriculture, it is very frequent the application of organic amendments to soil to 

preserve its fertility and its present and future agronomic value. This practice seeks to exploit 

all the nutrients (micro and macronutrients) that the organic amendments contain, mainly its 

high OM content, to maintain or raise it in soils with low OM content (<2%). Moreover, these 

residues improve or maintain the soil’s physical and hydrological properties, since they 

decrease bulk density, increase water-holding capacity, cation exchange capacity, the 

aggregation and structural stability of the soil, and its global porosity, together with the 

modification of pore size and connectivity. In addition, organic residues improve gas and 

water exchange in the soil, the exploratory capacity of plant root systems, and the 

development of the soil´s bacterial flora. All this helps to protect the soil against physical 

processes such us run-off or erosion, and improve the revegetation of degraded soils (Kranz 

et al. 2020). On the other hand, some authors have also reported that soil amendments may 

be considered a way of capturing carbon dioxide from the atmosphere (Spokas et al. 2009) 

(Zhang et al. 2012).  

Effect of organic amendements in pesticide’s behaviour 

The combined application of pesticides and organic residues in soils modifies the 

physicochemical behaviour, mainly through their adsorption-desorption by the amended soils 

(Carpio et al. 2021). Organic amendments increase soil OC content, and this parameter is the 

most relevant factor influencing the adsorption process and the affinity of hydrophobic 

pesticides by soils as previously explained in Section 1.2.1 (Zolgharnein et al. 2011).  

In this sense, the addition of organic amendments to soil could lead to a greater or lesser 

degree of pesticide immobilization in the amended soil. This effect has consequences for 



16 
 

pesticide degradation, persistence or mobility, enhancing a pesticide’s subsequent chemical, 

physical, and biological transformation or degradation, decreasing generally its transport 

through the soil profile, and consequently reducing groundwater pollution in some cases  

(Marín-Benito et al. 2009; Carpio et al., 2021). However, it could also affect the final 

concentration bioavailable for absorption by the targeted weeds. 

A recent study revealed that 83% of the soils in European Union have been contaminated by 

one or more residues of pesticides(Silva et al. 2019). The increasing contamination of surface 

and ground water is probably due to deficient pesticide management, and increase by 

precipitation and/ or irrigation that give rise to the runoff or leaching process of these 

compounds through soil (Robson R M Barizon et al. 2020). In this context, numerous 

references report the ability that organic amendments have to adsorb pesticides having been 

also assessed frequently the application of organic residues as organic amendments as 

strategy to control water contamination ( Marín Benito et al., 2016). 

2.4. Study of pesticide adsorption-desorption processes in soil 
One of the most used experimental techniques to evaluate the adsorption of pesticides by 

soil is the determination of their adsorption isotherm. It stablishes the relationship between 

the amount of the pesticide (adsorbate) (CS) absorbed by the soil (adsorbent) at different 

initial concentrations (Ci), and the equilibrium concentration (Ce) in contact with this one at a 

constant temperature. The amount of adsorbate adsorbed is determined under equilibrium 

conditions as the difference between the amount initially present in the solution (Ci) and that 

in the equilibrium solution (Ce) after putting in contact a known amount of adsorbent (m) and 

a volume (V) of the adsorbate solution of concentration Ci. To calculate the amount absorbed 

(CS) per unit mass of adsorbent the following expression is used:  

                                                            Cs =  (Ci  −  Ce ) ×
V

m
                                                        [eq. 1] 

Giles et al. (1960) classified the adsorption isotherms in water solution in 4 different types 

according to their geometric shape (Figure 6). 

L-type adsorption isotherm (Langmuir): It is characterized by a decreasing slope when 

adsorbate concentration increases since vacant adsorption sites decrease as the adsorbent 

becomes covered. Such adsorption behaviour could be explained by the high affinity of the 
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adsorbent for the adsorbate at low concentrations, which then decreases as concentration 

increases (Ayawei, Ebelegi, and Wankasi 2017). 

S-type adsorption isotherm (cooperative adsorption): Initially its slope increases with 

adsorbate concentration, but eventually decreases and becomes zero as vacant adsorbent 

sites are filled. This type of isotherm indicates that at low concentrations the surface has a 

low affinity for the adsorbate, which increases at higher concentrations. 

C-type adsorption isotherm (partition constant): this type of isotherm occurs when the 

adsorbent has the same affinity for the solute as for the solvent. It is characterized by the 

existence of a liner relationship between the amount of solute adsorbed and that in the 

equilibrium solution at all concentrations. This type of isotherm has been observed in the 

adsorption of hydrophobic molecules by soils, organic matter or humic acids of the soil 

(Sánchez et al. 2003, Filipe et al 2009). 

H-type adsorption isotherm (high affinity):  this type of isotherm occurs when the adsorbent 

has a high affinity for the solute, so that at low concentrations everything is absorbed and the 

equilibrium concentration will be close to zero. Once the adsorbent surface is saturated, the 

excess solute will remain in solution. This results in an isotherm with an initial vertical shape 

and finally parallel to the axis of concentrations (Hinz 2001). 

 

Figure 6. Types of adsorption isotherms according to Giles et al. (1960) classification 

Modelling of pesticide adsorption-desorption in soil  
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There are several models that have been developed for the interpretation of the experimental 

result of the adsorption isotherms. One of the most used is described by Freundlich isotherm 

model. It is used to describe heterogeneous surface equations such as the heterogeneity of 

the adsorbent surface, the adsorption energy and the exponential distribution of the 

adsorption point. Freundlich isotherm model (Freundlich, 1909) is described by following 

equation. 

Cs = KfCe
1/n                                                                                                       [eq. 2] 

Where Cs (µg g-1) is the amount of pesticide adsorbed per unit mass of adsorbent, Ce (µg mL-

1) is the equilibrium concentration of the pesticide in solution, and Kf (µg1-nf mLnf g-1) and n are 

two characteristic constants of the adsorption capacity of pesticide by the soil that are 

determined from the equation 2 linearized as follows: 

                                            Log Cs = log Kf + nfd log Ce                                                                                                 [eq. 3] 

The n coefficient is related to the surface heterogeneity and the diversity of the energy’s 

associates with the adsorption reaction. If 1/n>1, the sorption process shows cooperative 

sorption; if 1/n=1, Freundlich model is equivalent to linear model indicating low 

heterogeneity among the sites of the adsorbent if 1/n<1, the relative sorption decreases 

when the concentration increases being it characteristic of an L-type adsorption isotherm 

(Maqueda et al. 2017)(Aslam et al. 2013). The coefficient Kf is the amount of pesticide 

adsorbed for a Ce = 1 µg mL-1 and represents the adsorption at low concentration level. For 

higher level of concentration, it is usually determined the distribution coefficient (Kd, mL g-1) 

as follows assuming that all pesticides removed from the solution is adsorbed by the soil: 

                                                        Kd = Cs/Ce                                                                                 [eq. 4] 

Thus, Kd (a partition coefficient) is a ratio of solid phase to solute concentrations in solution 

at equilibrium conditions. High values of Kd (of the order of 100 or more) indicate that, at any 

given time, the majority of the pesticides is adsorbed to the soil surface and hence is less likely 

to move in soil, but it does not indicate the strength (reversibility) of that sorption. The Kd 

values are often determined over a range of concentrations at a constant temperature. 
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The desorption of a pesticide previously adsorbed on a soil is studied by successive washing 

of the soil with water and measuring the concentration of pesticide in the equilibrium 

solution. Freundlich’s model is valid for the interpretation of experimental results of the 

desorption process in the form of next equation: 

                                                       Cs = Kfd Ce
nfd                                                                               [eq. 5] 

where Cs (µg g-1) is the amount of pesticide that remains adsorbed per unit mass of adsorbent 

after each desorption, Ce (µg mL-1) is the equilibrium concentration of the pesticide in the 

solution, and Kfd (µg1-nfd mLnfd g-1) and nfd are two constants’ characteristic constants of the 

pesticide desorption process on the soil. Analogously to the adsorption process, the values of 

these two constants are determined from the linear form of equation 5, which has the 

following form: 

                                       Log Cs= log Kfd + nfd log Ce                                                                    [eq. 6] 

The interaction between a pesticide and the soil does not always occur through weak or 

reversible links, but on the contrary, they are retained by strong and irreversible bonds that 

prevent complete desorption. When the desorption data do not match those of the 

adsorption isotherm, the isotherms obtained show hysteresis of the desorption in a greater 

or lower degree. Due to this non-singularity effect, the desorption curve does not end at the 

zero-adsorption point when the equilibrium concentration approaches zero, and the effect is 

an apparent increase in the constant Kfd in relation to the constant Kf. Different authors  

(Sciences n.d.)(Ghezzi et al. 2014) have indicated the irreversibility of the adsorption process 

of the compound as a potential cause to explain the non-singularity of the adsorption 

isotherms and have proposed a hysteresis coefficient (H) (Barriuso et al. 1994) as a measure 

of this irreversibility that is quantified by the expression: 

                                                       H = 
𝑛𝑓

𝑛𝑓𝑑
                                                                                     [eq. 7] 

According to Barriuso et al. (1994), the adsorption is reversible the more similar the constants 

nf and nfd are, and the more irreversible the greater nf with respect to nfd are, speaking of no 

hysteresis (reversible adsorption) when nf / nfd = 1, positive hysteresis when the nf / nfd ratio> 

1 and negative hysteresis when nf / nfd <1. 
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3. OBJECTIVES 

The objectives of this study were to assess: i) the adsorption-desorption of three herbicides 

on wheat straw mulch at different decomposition degree, and in unamended soils and soils 

amended with this crop residue, and ii) the influence of mulches, soils and herbicides’ 

properties on the adsorption-desorption processes of these compounds. 
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4. MATERIALS AND METHODS 

                                                                                                                                                                  

4.1. Experimental field design 
A field experiment was set up on experimental plots of 81 m2 located in the Muñovela 

experimental farm belonging to the Institute of Natural Resources and Agrobiology of 

Salamanca (IRNASA-CSIC), Spain (40°55′56″ N latitude and 5°52′53″W longitude).  The design 

consisted of a total 12 experimental plots randomly distributed in 4 treatments, resulting 

from the combination of 2 tillage systems and 2 different soils (S1 and S2), and each of them 

with three repetitions. The tillage systems corresponded to a conventional tillage with a 

cultivator (25-28 cm) (S1+CT and S2+CT) and to the non-tillage of the soil (S1+NT and S2+NT) 

in a monoculture maize system. The soil is kept bare after maize harvest on plots S1+CT and 

S2+CT while winter wheat is used as a cover crop on plots S1+NT and S2+NT during the fallow 

period. Wheat is sown by direct sowing on the maize crop residues, destroyed by glyphosate, 

cut and deposited on the soil surface covering 65-75% of it before the direct sowing of the 

new maize cycle.  

 

 

Figure 7. Experimental field design 
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Figure 8. Muñovela experimental farm belonging to IRNASA-CSIC, maize growing in plots 

with and without mulch 

 

Figure 9. Direct sowing of the seeds 

 

4.2. Mulches and soils: sampling and processing for herbicides’ adsorption-

desorption study 
The studies of this memory were carried out at laboratory scale by using mulch and soil 

samples taken from the field experiment. The soil selected to carry out the field experiment 

was a Eutric-Chromic Cambisol (IUSS Working Group WRB, 2015) with sandy-loam texture 

(80.4% sand, 4.7% silt, and 14.9% clay). The soil corresponded to a single agriculture soil, but 
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with different physicochemical surface properties (0-10 cm) resulting therefore two different 

soils, S1 and S2.  

Soil samples (S1 and S2) were collected from the respective experimental field plots at a depth 

of 0-10 cm before their treatment with any herbicide (Figure 10).  Multiple sub – samples (a 

total amount of 5 kg) of S1 and S2 were taken from the equivalent plots, mixed and 

homogenized. Then, they were air-dried and sieved (< 2 mm) for the adsorption – desorption 

study of target herbicides (S-metolachlor, foramsulfuron, and thiencarbazone-methyl) under 

laboratory conditions 

Straw mulch samples were taken from S1+NT and S2+NT plots non-treated with herbicides at 

three different dates after winter wheat destruction and its deposition on the soil surface 

(Figure 12). Therefore, mulch samples corresponded to three mulch decomposition degrees. 

The mulch sampling dates were on 2 June 2020 (just after deposition of mulch on soil surface) 

(mulch 1, M1), on 8 July 2020 (≈1 month after deposition of mulch on soil surface) (mulch 2, 

M2) and on 18 August 2020 (≈2.5 months after deposition of mulch on soil surface) (mulch 3, 

M3)). Multiple sub-samples (a total amount of 500 g) of each mulch type were collected, 

mixed, air-dried and cut in pieces of 2-cm length for adsorption-desorption studies. Mulch 1 

was also milled (< 1 mm) (MM1) for additional adsorption studies. The amended soils 

(S1+MM1 and S2+MM1) were prepared by uniformly mixing S1 and S2 with MM1 (10% w/w 

on dry weight basis). The physicochemical characterization of mulches and soils (unamended 

and amended) samples was carried out by standard analytical methods (Carpio et al. 2020; 

Sparks 1996) and it is shown in Table 1. Among the different mulch types, M1 is characterized 

by the highest dissolved organic carbon (DOC) content compared to the other three mulches 

whereas MM1 showed the lowest DOC content varying, therefore, in the order M1> M2> M3 

> MM1). M1, M2 and M3 mulches showed a similar organic carbon (OC) content being it lower 

for MM1. In the case of soils, S2 is characterized by a higher OC and DOC content, N total and 

pH than S1. The total OC content in the unamended S1 and S2 soils was 0.69% and 1.01%, 

respectively, and about 9-11.3-fold greater in amended than in non-amended soils (S1 and 

S2). Moreover, the DOC content was higher in S1+MM1 (5.81%) and S2+MM1 (5.96%) than 

in S1 (0.140%) and S2 (0.144%). Soils pH varied between 5.85 (S2+MM1) and 7.67 (S2). 
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Table 1. Main characteristics of mulches, unamended and MM1-amended soils 

Sample  pH OC 

(%) 

N 

(%) 

C/N DOC 

(mg/g) 

M1 5.38±0.04 44.57±0.05 1.21±0.03 36.78±0.78 125±3 

M2 5.43±0.02 44.11±0.26 1.56±0.06 28.29±0.90 114±4 

M3 6.09±0.07 44.52±0.06 1.53±0.02 29.12±0.48 66.0±1.4 

MM1 6.49±0.05 41.69±0.11 2.22±0.03 18.78±0.18 55.8±17.5 

S1 6.81±0.13 0.69±0.02 0.09±0.00 7.93±0.17 0.140±0.026 

S2 7.67±0.09 1.01±0.06 0.12±0.01 8.27±0.30 0.144±0.013 

S1+MM1 6.15±0.09 6.26±0.31 0.13±0.01 47.19±1.8 5.81±0.10 

S2+MM1 5.85±0.09 11.43±0.96 0.14±0.01 79.63±2.5 5.96±0.25 

 

  

 

Figure 10. Soil sample collected from the field 
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Figure 11. Soil 1 (left) and soil 2 (right)    

 

 

 

Figure 12. Mulch samples (M1, M2 and M3) collected from the field at different dates 

(different decomposition degree)  
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Figure 13. Soil + mulch samples 

 

 

4.3. Herbicides 
 

Studies included in this memory were carried out with the analytical standard of the 

herbicides S-metolachlor, thiencarbazone-methyl and foramsulfuron (>98.5% purity) supplied 

by Sigma Aldrich Química S.A (Madrid).  

 

S-metolachlor 

Metolachlor was registered with the EPA in 1976. Metolachlor is a pre-emergent, selective 

herbicide used for general weed control in many agricultural food and feed crops (primarily 

maize, soybeans and sorghum), and on lawns and turf, ornamental plants, trees, shrubs and 

vines, rights of way, fencerows and hedgerows, and in forestry (Table 2). S-metolachlor (2-

chloro-N-(2-ethyl-6-methylphenyl)-N-[(2S)-1-methoxypropan-2-yl] acetamide) is a favourable 

alternative to metolachlor, physical and chemical equivalent to metolachlor but it is enriched 

with the S-isomer that increases its herbicidal activity in susceptible plants. 
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Table 2: Dose of S-metolachlor 960 applied as pre- and post-emergence 

Timing  Weeds controlled Dose/ha 

Pre-plant surface (up to 30 

days before planting 

Annual grasses, broadleaf perennial weeds  1.19-1.67 L 

Pre-plant incorporated  Nutsedge, annual grasses and broadleaf 

weeds. 

1.19-1.67 L 

Pre-emergent  Annual grasses, broadleaf weeds including 

triazine tolerant weeds  

1.19-1.67 L 

Early Post Emergent (spike to 

2-leaf stage) 

Annual grasses and broadleaf Weeds including 

triazine tolerant weeds 

1.19 – 1.67 L 

Post- Emergent (3 to 6-leaf 

stage) (hybrid and silage corn 

only) 

Annual grasses and broadleaf weeds including 

triazine tolerant weeds 

1.19 – 1.67 L 

 

Chemical formula of S-metolachlor is C15H22ClNO2 and its molecular weight is 283.8 (Figure 

14). It is a liquid that is white to tan in colour. S-metolachlor has a vapor pressure of 3.7 mPa 

at 20°C, a boiling point and a melting point of 334°C and -61.1°C, respectively.  

 

Figure 14. Chemical structure of S-metolachlor 

S-metolachlor is a non-iconic compound with a relatively high solubility in water (480 mg L-1 

at 20°C) and it is classified as moderately leachable this herbicide frequently found on the 

surface and ground water (US EPA – Pesticides – Fact Sheet for Metolachlor). Its adsorption 



28 
 

and desorption do not show pH sensitivity (PPDB, 2021). The organic matter content is the 

main soil property that controls S-metolachlor adsorption process with Kf and Kfoc values of 

3.63 mL g-1 and 200.2 mL g-1, respectively. The half-life (DT50) value of S-metolachlor has 

estimated range from 10 to 221 days under laboratory conditions and from 3.55 to 55.7 days 

in field conditions (PPDB, 2021).  Ground application is the most common use method of this 

herbicide, although aerial and chemirrigation application methods also are permitted.  

Foramsulfuron 
Foramsulfuron (1-(4,6-dimethoxypyrimidin-2-yl)-3-[2-(dimethylcarbamoyl)-5-

formamidophenylsulfonyl]-urea) is a post-emergence sulfonylurea herbicide for the control 

of a large number of grass species and certain broadleaf weeds in maize. Foramsulfuron has 

the chemical formula of C17H20N6O7S and a molecular weight of 452.4 (Figure 15), melting 

point at 194.5°C and decomposes before boiling. It is a yellow-brownish solid, fine-grained 

granule with weak aromatic odour. Foramsulfuron has a vapour pressure of 4.20×10-9 mPa at 

20 °C, its solubility in water (g L-1 at 20 °C) depends on the pH: 0.037 (pH 5), 3.293 (pH 7) or 

94.577 (pH 8). 

 

Figure 15. Chemical structure of foramsulfuron 

 

Foramsulfuron at an application rate of 30-40 g ha, offers a minimum of 90% weed control on 

most grassy weeds, and a wide selection of broadleaf weed species, foramsulfuron is 

expected to have very high mobility based upon an estimated Koc of 10. Sulfonylurea 
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herbicides, such as foramsulfuron, are more mobile in soils with lower organic matter and 

soils with pH > 8.5 (alkaline soils). Considering the moist soil surface, volatilization is not 

expected to be an important fate process based upon an estimated Henry's Law constant of 

5.7×10-12 Pa m3 mol1. Foramsulfuron is stable to photolysis in soil and water, if released into 

water, foramsulfuron is not expected to adsorb to suspended solids and sediment based upon 

the estimated Koc. Foramsulfuron has a reported DT50 value of 25.4 days at typical conditions 

and 25.5 days at 20°C in laboratory conditions (PPDB, 2021).   

 

Thiencarbazone-methyl 
Thiencarbazone-methyl is an herbicide applied for the selective control of grasses and 

broadleaf weeds primarily in maize. The active ingredient belongs to the chemical class of 

sulfonyl-amino-carbonyl-triazolinones and acts as an inhibitor of the ALS-enzyme 

(Acetolactase synthesis). The compound can be applied at the pre-emergence and the post-

emergence timing (Figure 16). The use rate depends on the application timing and may vary 

from 22 – 45 g a.i. ha-1 in pre-emergence applications and 10 – 15 g a.i. ha-1 in post-emergence 

applications (Santel 2012). Sequential treatments are possible as long as the maximum 

seasonal dose of 45 g a.i. ha-1 is not exceeded.  

 

 

Figure 16. Crop development stages, application timings and maximum use rate of 

thiencarbazone-methyl in maize  

Thiencarbazone-methyl has the chemical formula of C12H14N4O7S2 and a molecular weight of 

390.4 (Figure 17). The melting point of the compound is 205°C and it decomposes before 

boiling. It has a vapour pressure of 8.8×10-11 mPa at 20°C, its solubility in water is 436 mg L-1. 
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The DT50 value of thiencarbazone-methyl is about 11.6 days at typical conditions and its range 

is between 51.5 and 55 days at 20°C under laboratory conditions. Thiencarbazone-methyl is 

stable to photolysis in soil and water. If released into water, thiencarbazone-methyl is not 

expected to adsorb to suspended solids and sediment based upon the estimated Koc is 100 mL 

g-1 (US EPA- Pesticides- Fact Sheet). 

 

Figure 17. Chemical structure of thiencarbazone-methyl 

 

Thiencarbazone-methyl obtained its first registration 2008 in Romania and then was 

registered in important maize producing countries of Europe and other parts of the world. 

This herbicide controls weeds through by inhibiting photosynthesis in the target plant. It 

disrupts membranes and inhibits photosynthesis in plants by blocking the ALS enzyme which 

is necessary for plant growth. Thiencarbazone-methyl is taken up into the plant through the 

roots. Plants that do happen to emerge from the soil, die after being exposed to sunlight. It 

also works on foliar contact causing rapid desiccation. 

 

4.4. Adsorption-desorption experiment 

Adsorption experiment 

Adsorption-desorption isotherms of herbicides by the mulch at different decomposition 

degrees (M1, M2, and M3) size particle (milled M1, MM1), and by the unamended (S1 and 

S2) and MM1-amended soils (S1+MM1 and S2+MM1) were obtained using the batch 

equilibrium technique. Duplicate dry mulch samples of 0.1 g or soil samples of 5 g were 

equilibrated with 10 mL of a Milli-Q ultrapure water solution of each herbicide at 

concentrations of 1, 5, 10, 15, 20 and 25 mg L-1. The suspensions were agitated at 24.0 ± 0.1˚C 

for 24h in a thermostatted chamber with intermittent shaking for 2 h at 3 h intervals. 
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Preliminary experiments revealed that contact for 24 h was long enough for equilibrium to be 

reached. The suspensions were subsequently centrifuged at 5045 g for 30-40 min, and the 

equilibrium concentrations of herbicide were detected by by mass detector coupled high 

performance liquid chromatography (HPLC-MS) (see section 3.6). The amount of herbicide 

adsorbed was considered to be the difference between that initially present in solution and 

that remaining after equilibration with the soil. Calculations were based on the assumption 

that no degradation of herbicides occurred during the adsorption studies. Distribution 

coefficients (Kd) were also determined. 

Desorption experiment 

The desorption isotherms of the herbicides were studied in mulch and soil samples initially 

treated with 25 mg L-1 solutions of each herbicide during the adsorption study in four 

sequential withdraw-replace steps. In each desorption step, after adsorption equilibrium had 

been reached, a 5 mL aliquot was withdrawn from the solution and immediately replaced by 

5 mL of Milli-Q water. The resuspended samples were shaken as indicated above, after which 

the suspensions were centrifuged and the desorbed herbicide was calculated as the 

difference between that initially adsorbed and the amounts desorbed measured by HPLC-MS 

(see section 3.6). 

Preparation of solutions (Stock solution and standard solutions) 

An individual stock solution of 1000 mg L-1 of each herbicide (S-metolachlor, foramsulfuron 

and thiencarbazone-methyl) was prepared in methanol.  These stock solutions were used to 

prepare four intermediate aqueous solutions of 50 (one per herbicide) and 20 mg L-1 (one 

containing the 3 herbicides). Aqueous solutions of 1, 5, 10, 15, 20, and 25 mg L-1 of each 

herbicide were prepared from the corresponding 50 mg L-1 intermediate solution to be 

directly applied to the mulches, unamended or amended soils. Standard solutions of 0.01, 

0.05, 0.1, 0.25, 0.75, 1 and 2mg L-1 were prepared from the combined 20 mg L-1 intermediate 

solution to build the calibration curve for the quantitative determination of herbicides. The 

standard solutions were prepared in the corresponding aqueous matrix (M1, M2, M3, MM1, 

S1, S2, S1+MM1, or S2+MM1) previously prepared to avoid the matrix effect in the 

quantification process. 
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Figure 18. Schematic representation of the adsorption-desorption experiment 

 

 

4.5. Analytical determination of herbicides 
Herbicides were quantified by using a Waters HPLC-MS (Waters Assoc., Milford, USA) (Figure 

19). The separation column used was a Phenomenex Luna PFP2 of 150 mm × 4.6 mm id, and 

3 µm of particle size. The mobile phase used for the optimal separation and quantification of 

the three herbicides was methanol: water + 5mM ammonium formiate (80:20). The mobile 

phase flow rate was 0.4 mL min-1, the cone voltage was 20V for the three herbicides and the 

injection volume was 20 µL. Herbicide determination was carried out by monitoring the 

corresponding positive molecular ion (m/z) [M+H+] 284.79 (S-metolachlor), 391.39 
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(thiencarbazone-methyl), and 453.44 (foramsulfuron). Under these measurement conditions, 

the retention times of foramsulfuron, thiencarbazone-methyl and S-metolachlor were 3.8, 5.6 

and 11.3 min, respectively (Figure 20). 

 

 

Figure 19. HPLC-MS 

 

 

 

Figure 20. Chromatogram of foramsulfuron, thiencarbazone-methyl and S-metolachlor 

 

 
 

4.6. Data analysis 
The adsorption and desorption data for the herbicides were fit to the linearized form of the 

Freundlich equation: log Cs = log Kf + nf log Ce or log Cs = log Kfd + nfd log Ce, where Cs (μg g−1) 
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is the amount of adsorbed herbicide, Ce (μg mL−1) is the equilibrium concentration of 

herbicide in solution, and Kf or Kfd (μg1−nf g−1 mLnf) and nf or nfd are the Freundlich adsorption 

or desorption coefficients and nonlinearity coefficients, respectively. Distribution 

coefficients, Kd (mL g−1), were also calculated from the relationship Cs /Ce for Ce of 25 μg mL−1. 

Values of Kf or Kd normalized to 100% OC were determined as Kfoc = 100 Kf/%OC or Kdoc = 100 

Kd/%OC, respectively. Standard deviation (SD) was used to indicate variability in the 

adsorption and desorption coefficient values among replicates. Simple and multiple linear 

regression models were used to relate adsorption- desorption and adsorbent and herbicide 

characteristics. The Stat graphics Plus Version 5.1 software package was used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

5. RESULTS AND DISCUSSION 

5.1. Adsorption of the herbicides by mulches and soils 

S-metolachlor 

Figure 21 includes the adsorption-desorption isotherms of S-metolachlor by mulches (M1, 

M2, M3, and MM1), unamended soils (S1 and S2) and soils amended with milled mulch (S1 + 

MM1 and S2 + MM1). Adsorption of the herbicide on mulches and soils was well described 

by the Freundlich equation over the range of the initial concentrations assayed (0-25 μg mL-

1) with r2 values ≥ 0.92. The Kf and nf parameters determined from this equation are shown in 

Table 3.  

S-metolachlor adsorption behavior showed a wide variety in the type of isotherm that better 

described it which depended on the adsorbent (Figure 21). The adsorption isotherms were of 

L-type (nf < 1) for S-metolachlor adsorbed on M3, S1, S2, S1+MM1, S2+MM1 (with a total 

adsorption of the herbicide at concentrations ≤ 10 μg mL-1), and MM1 (L-C type) showing a 

high initial affinity of the adsorbent for the herbicide. S-type isotherms (nf > 1) were obtained 

for M1 and M2 (close to C-type for M2), indicating a strong competition for adsorption sites 

by water molecules at low herbicide concentrations. These results indicate different 

mechanisms of adsorption for this hydrophobic herbicide in function of the adsorbent. The 

varied type of adsorption isotherms observed for S-metolachlor is in accordance with 

previous results reported by other authors. (Aslam et al. 2013) obtained adsorption isotherms 

almost linear (n ≥ 0.9) for S-metolachlor on maize mulch residues decomposed under 

laboratory and field conditions. (Marín-Benito et al. 2021) reported adsorption isotherms in 

general of L-type for S-metolachlor on soil non-amended and amended with green compost 

and pelletised organo-mineral manure fertilizer whereas  (Peña et al. 2013) observed C-type 

isotherms for S-metolachlor adsorption on soils amended with both oiled and de-oiled two-

phase olive mill wastes. 

The Kf values obtained for the adsorption of S-metolachlor by soils and mulches ranged 

between 1.34 and 65.8, corresponding the highest Kf values to mulches (43.7 – 65.8) and the 

lowest ones to unamended soils (1.34 – 2.00). These results are in agreement with the results 

of Cassigneul et al. (2018) who observed that the adsorption of S-metolachlor was 

significantly lower on soil than on mulch from different cover crop residues.  The Kf values for 

this hydrophobic herbicide increased in the order: S1 < S2 < S1+MM1 < S2+MM1 << MM1 < 
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M1 < M2 < M3 according to the increase in OC and/or DOC content of the adsorbents (Tables 

3 and table 6). OC is reported to be the most important soil component affecting the 

adsorption of S-metolachlor (Alletto et al. 2013) (Marín-Benito et al. 2021).  The application 

of MM1 to unamended soils increased the Kf values up to 4.5 times in S1+MM1 and up to 6.4 

times in S2+MM1. Mulch decomposition degree had also influence in the adsorption of S-

metolachlor by increasing the Kf values with the decomposition of this adsorbent from 45.6 

(M1) to 65.8 (M3) according to the decrease in DOC (M1 > M2 > M3) (Table 3) Other authors 

have also reported a positive impact on the adsorption of S-metolachlor and other herbicides 

on mulches of different nature with their decomposition degree (Aslam et al. 

2013)(Cassigneul et al. 2015)(Cassigneul et al. 2016)(Cassigneul et al. 2018). However, the 

particle size of the freshest mulch (M1) did not show a significant effect in the adsorption of 

S-metolachlor that showed similar Kf values for M1 and MM1 although slightly lower for MM1 

because of its lower OC and DOC content. 

Kd distribution coefficients determined at an initial concentration of 25 mg L-1 to compare 

with the adsorption behavior at low concentrations (Kf values) (Table 3) varied in the same 

sense as the Kf constants for unamended and amended soils but some changes were observed 

for mulches. The Kd values ranged from 0.41 to 68.4 and they followed the order:  S1 ~ S2 < 

S2+MM1 ~ S1+MM1 << M3 = MM1 < M1 < M2. Kd values were lower (1.1 - 8.4 times) than Kf 

values for M3, MM1, S1, S2, S1+MM1, and S2+MM1 whereas they were 1.4 times higher for 

M1 and M2 as would be expected from the shape of the isotherms, L-type and S-type, 

respectively. The Kd values obtained in this study for S-metolachlor on mulches, unamended 

and amended soils are in accordance with those reported by other authors on these three 

types of adsorbents (Alletto et al. 2013)(Aslam et al. 2013)(Marín-Benito et al. 2021)  

The simple correlation coefficients (r) showed in Table 3 revealed the existence of a highly 

significant positive correlation between Kf and Kd adsorption constants and the OC content 

for the adsorption of the most hydrophobic herbicide, S-metolachlor, by mulches, 

unamended and MM1-amended soils. On the basis of the determination coefficient, r2, OC 

would account for 94.3% or 87.2% of the variance of the adsorption of S-metolachlor by 

mulches and soils expressed by Kf and Kd, respectively. This indicates the influence of the 

mulch and soil OC content (natural or from MM1) in the adsorption of this highly hydrophobic 

herbicide, and it is in agreement with lower CV values found for the Kfoc and Kdoc compared to 
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its respective CV for Kf and Kd parameters (Table 3). There was also a significant (p < 0.05) or 

highly significant (p < 0.001) positive correlation between DOC content of the adsorbents and 

Kf and Kd values of S-metolachlor, respectively (Table 7). Previous studies have also reported 

an increasing in the adsorption of metolachlor by amended soils with a high DOC content in 

solution (Marín-Benito et al. 2021)(Singh 2003). No relationship was observed between S-

metolachlor adsorption constants and adsorbents’ pH. These simple relationships indicate 

that both OC and DOC are the main variables involved in the adsorption of S-metolachlor on 

the different adsorbents at low (Kf) and high (Kd) herbicide concentrations in solution. 

However, it should be noted that OC content explained a higher variability in Kf values (r2 = 

94.3%) than DOC (68.9%) whereas the opposite effect was observed for the variability of Kd 

values (97.6% explained by DOC vs. 87.2% explained by OC).  

The results were also subjected to multiple linear regression analysis by combining two or 

more variables to determine the relative importance of mulch and soil parameters when they 

vary simultaneously. Table 7 shows the multiple lineal regression models for the adsorption 

of herbicides by mulches, unamended and MM1-amended soils, which gave rise (in some 

cases) to a higher adjusted r2 than the simple relationships. For S-metolachlor, a highly 

significant relationship (p < 0.001) was revealed by the equation between the Kd adsorption 

constant and the variables OC and DOC. The coefficient of determination, r2, accounts for a 

percentage of variability in the Kd of 97.8% that is, slightly higher than that explained when 

only the OC or the DOC content is considered as the responsible variable. This equation 

indicates that DOC had a higher positive effect than OC on S-metolachlor adsorption at high 

concentrations in solution that is in agreement with the simple relationships previously 

explained. A highly significant relationship (p < 0.001) was also revealed by the equation 

between the Kf adsorption constant and the variables OC and DOC (Table 7) although its r2 

value (93.8%) explained a lower percentage of the variability in the Kf than that explained by 

the OC as unique variable (94.3%). However, it is important to highlight that the model 

combining OC and DOC shows a negative influence of DOC on the adsorption of S-metolachlor 

at low herbicide concentrations (Kf) that supports the increasing of Kf values observed with 

the decomposition of the mulch. 
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Figure 21. Adsorption-desorption isotherms of S-metolachlor by mulches (M1, M2, M3 and 

MM1), unamended (S1 and S2) and MM1-amended soils (S1+MM1 and S2+MM1). Closed 

symbols and continuous line correspond to adsorption and open symbols and dashed line 

correspond to desorption. 
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Table 3. Freundlich constants for adsorption (Kf and nf) and desorption (Kfd and nfd) of S-metolachlor by mulches, unamended and MM1-amended 

soils, distribution coefficients (Kd), Kf or Kd normalized to 100% OC (Kfoc, Kdoc), and hysteresis coefficients (H). 

Sample  Kf ± SDa Kfoc Kd ± SDa Kdoc nf ± SD r2 Kfd ± SD nfd ± SD r2 Hb 

M1c 45.58 ± 3.37 102.3 62.55 ± 8.95 140.3 1.10 ± 0.07 0.950 55.31 ± 37.63 1.08 ± 0.25 0.988 1.01 ± 0.17 

M2c 49.69 ± 16.13 112.7 68.42 ± 0.37 155.1 1.10 ± 0.10 0.999 65.06 ± 57.54 0.93 ± 0.30 0.943 1.18 ± 0.25 

M3c 65.77 ± 0.79 147.7 39.04 ± 3.69 87.7 0.84 ± 0.03 0.983 64.13 ± 8.69 0.79 ± 0.05 0.884 1.06 ± 0.10 

MM1d 43.73 ± 8.54 104.9 39.05 ± 2.33 93.7 0.96 ± 0.08 0.989 60.83 ± 19.25 0.89 ± 0.08 0.952 1.08 ± 0.18 

S1e 1.342 ± 0.01 194.5 0.41 ± 0.01 59.4 0.63 ± 0.01 0.976 3.39 ± 1.81 0.36 ± 0.14 0.985 1.77 ± 0.71 

S2f 2.00 ± 0.06 198.0 0.65 ± 0.01 69.4 0.65 ± 0.01 0.985 3.69 ± 1.30 0.48 ± 0.10 0.988 1.35 ± 0.27 

S1+MM1g 6.05 ± 2.16 96.6 1.60 ± 0.46 25.6 0.59 ± 0.20 0.961 8.81 ± 1.64 0.52 ± 0.09 0.973 1.13 ± 0.20 

S2+MM1h 12.89 ± 1.35 112.8 1.53 ± 0.18 13.4 0.34 ± 0.07 0.921 16.19 ± 0.58 0.26 ± 0.01 0.991 1.32 ± 0.30 

CV (%)i 89.82 31.1 109.5 62.72       

a SD = standard deviation of replicates. b H = nf /nfd. c M1, M2 and M3 = mulches at different decomposition degree. d MM1 = milled M1.  
e S1 = unamended soil 1. f S2 = unamended soil 2. g S1+MM1 = soil 1 amended with 10% of MM1. h S2+MM1 = soil 2 amended with 10% of MM1. 
 i CV= coefficients of variation. 
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Foramsulfuron  

Adsorption-desorption isotherms of foramsulfuron by mulches, unamended and MM1-

amended soils are included in Figure 22. Foramsulfuron adsorption on mulches and soils was 

well described by the Freundlich equation with r2 values ≥ 0.91 (Table 4). Similar to S-

metolachlor adsorption behavior, different isotherm types defined the adsorption of 

foramsulfuron on the studied adsorbents.   

L-type isotherms (nf < 1) were observed for foramsulfuron on MM1, S1+MM1 and S2+MM1 

indicating that the percentage of this herbicide adsorbed by these three adsorbents 

decreased with increasing solution concentration, suggesting a decreasing adsorbing sites on 

the adsorbent surface at higher solution concentration.  Anyway, it should be highlighted that 

in MM1 and S2+MM1 (nf = 0.94) the type of isotherm is close to C-type (nf = 1) characterized 

by a similar affinity of adsorbent by water and foramsulfuron molecules. In contrast, S-type 

isotherms (nf > 1) were obtained for foramsulfuron on S2, M1, M2 and M3 whereas no 

herbicide adsorption was determined on S1. Similar to S-metolachlor, different mechanisms 

of adsorption in function of the adsorbent would explain this variety on adsorption isotherm 

type for this highly water-soluble herbicide. 

Lower Kf values were obtained for the adsorption of foramsulfuron compared to that of S-

metolachlor by mulches and soils. These Kf values ranged from 0 to 34.3 increasing in the 

order: S1 < S2 < S1+MM1 < S2+MM1 < M1 < M2 < M3 < MM1. This order was the same as 

previously indicated for S-metolachlor except for MM1 that was the mulch with the highest 

Kf value for foramsulfuron whereas it was the adsorbent with the lowest affinity by the most 

hydrophobic herbicide, S-metolachlor. The no adsorption (Kf = 0) or slight adsorption (Kf = 

0.09) of foramsulfuron on unamended S1 and S2 soils, respectively, was increased up to 13 

times in S2 and more than 22 times in S1 by the addition of MM1 to the soils (Table 4). The Kf 

values determined for S1 and S2 were lower than the range of values (0.31 - 2.61) registered 

for unamended soils in the PPDB (2021). No adsorption-desorption studies have been found 

in the literature for foramsulfuron although there are studies reporting the adsorption-

desorption behavior of other sulfonylurea herbicides on unamended and amended soils. 

(Delgado-Moreno and Peña 2008) found a low or very low herbicide adsorption, slightly 

promoted by the addition of fresh and composted olive cake to soil. 
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 The effect of mulch decomposition degree and the particle size on foramsulfuron Kf values 

was more significant than that previously indicated for S-metolachlor. Among the mulches, 

fresh mulch (M1) showed the lowest Kf value and it increased by 1.3 (M2) and 3.5 (M3) times 

as result of its decomposition, and up to 6.3 times when M1 was milled to obtain MM1. 

According to the shape of the isotherms, foramsulfuron showed Kd values lower than the 

corresponding Kf values for MM1, S1+MM1, and S2+MM1, and vice versa for the adsorbents 

M1, M2, M3, and S2 following the order S1 < S2 = S1+MM1 < S2+MM1 << MM1 < M1 < M2 < 

M3 (Table 4). These Kd values ranged from 0 to 104.8 and they were in the same order of 

magnitude as the corresponding Kf values for MM1, S1, S2, S1+MM1 and S2+MM1. In 

contrast, a significant increasing was observed in the Kf values compared to Kd values for M1, 

M2 and M3 (up to 9.2, 14.7, and 5.4 times, respectively). 

These results are supported by a very significant positive correlation (p < 0.01) observed 

between the adsorption of foramsulfuron at high concentrations of herbicide in solution (Kd) 

and the mulch and soils’ OC content (Table 7) while non-significant relationship was 

determined at low herbicide concentrations (Kf). Compared to S-metolachlor, the OC content 

would account for a lower percentage of variance in the adsorption (Kd) of foramsulfuron by 

mulches and soils (71.1%). This suggests that other mulch and soil parameters may influence 

the adsorption of this non-hydrophobic herbicide. It is in agreement with a greater variability 

in the Kfoc and Kdoc values determined for foramsulfuron (CV = 125.4% and 118.3%, 

respectively) than for S-metolachlor (CV = 31.1% and 62.7%) (Table 4). A significant positive 

correlation was also determined between foramsulfuron Kd values and the DOC content of 

the adsorbents whereas a lack of relationship was observed for Kf vs. DOC content (Table 6). 

However, a significant (p = 0.011) joint effect of OC (positive) and DOC (negative) contents of 

mulches and soils explained 77.3% of the variability in foramsulfuron Kf adsorption constant 

(Table 7). The combination of these two variables did not improve, however, the explanation 

of the Kd variance (60.2%) respect to that explained by the OC content as single variable 

(71.1%). No relationship was observed between foramsulfuron adsorption constants (Kf and 

Kd) and adsorbents’ pH (Agbaogun and Fischer 2020). in accordance with PPDB (2021). 

Opposite effects has been observed for other sulfonylurea herbicides. (Delgado-Moreno and 

Peña 2008) reported that the adsorption of bensulfuron-methyl, chlorsulfuron and 



42 
 

prosulfuron on unamended and amended soils was mainly affected by pH of the soil solution, 

with the OC content having no significant effect on herbicide retention. 

 

 

Figure 22. Adsorption-desorption isotherms of foramsulfuron by mulches (M1, M2, M3 and 

MM1), unamended (S1 and S2) and MM1-amended soils (S1+MM1 and S2+MM1). Closed 

symbols and continuous line correspond to adsorption and open symbols and dashed line 

correspond to desorption. 
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Table 4. Freundlich constants for adsorption (Kf and nf) and desorption (Kfd and nfd) of foramsulfuron by mulches, unamended and MM1-amended 

soils, distribution coefficients (Kd), Kf or Kd normalized to 100% OC (Kfoc, Kdoc), and hysteresis coefficients (H). 

Sample  Kf ± SDa Kfoc Kd± SDa Kdoc nf ± SD r2 Kfd ± SD nfd ± SD r2 Hb 

M1c 5.48 ± 0.05 12.3 50.28 ± 0.10 112.8 1.69 ± 0.03 0.938 11.01 ± 12.92 1.63 ± 0.43 0.848 0.93 ± 0.20 

M2c 6.89 ± 0.21 15.6 101.2 ± 24.25 229.4 1.83 ± 0.07 0.990 0 - - - 

M3c 19.37 ± 2.14 43.5 104.8 ± 6.76 235.4 1.52 ± 0.05 0.983 0 - - - 

MM1d 34.31 ± 0.49 82.3 28.54 ± 1.20 68.5 0.94 ± 0.02 0.909 26.27 ± 35.74 0.84 ± 0.47 0.661 1.13 ± 0.50 

S1e 0 0 0 0 - - - - - - 

S2f 0.09 ± 0.01 8.9 0.16 ± 0.01 15.8 1.18 ± 0.01 0.970 0.94 ± 0.03 0.46 ± 0.01 0.909 2.58 ± 0.07 

S1+MM1g 0.22 ± 0.01 3.5 0.14 ± 0.01 2.2 0.87 ± 0.02 0.945 - 3.22 ± 0.25 0.613 0.27 ± 0.03 

S2+MM1h 1.19 ± 0.01 10.4 0.97 ± 0.10 8.5 0.94 ± 0.03 0.989 5.60 ± 0.01 0.33 ± 0.01 0.901 2.81 ± 0.07 

CV (%) 145.8 125.4 126.6 118.3       

a SD = standard deviation of replicates. b H = nf /nfd. c M1, M2 and M3 = mulches at different decomposition degree. d MM1 = milled M1.  
e S1 = unamended soil 1. f S2 = unamended soil 2. g S1+MM1 = soil 1 amended with 10% of MM1. h S2+MM1 = soil 2 amended with 10% of MM1. 

 i CV= coefficients of variation. Note –   No adsorption or desorption isotherms were obtained where “ - “ is reported.
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Thiencarbazone-methyl  

The adsorption-desorption isotherms of thiencarbazone-methyl by mulches, unamended and 

MM1-amended soils are shown in Figure 23. Thiencarbazone-methyl adsorption on mulches 

and soils was well described by the Freundlich equation with r2 values ≥ 0.91 (Table 5). In 

contrast to S-metolachlor and foramsulfuron, thiencarbazone-methyl showed a more 

homogeneous adsorption mechanism by the different adsorbents since the adsorption 

isotherms of this herbicide on all the adsorbents assayed in this study were S-type (nf > 1). 

Compared to S-metolachlor and foramsulfuron, thiencarbazone-methyl was the herbicide 

that showed the lowest Kf values (Kf ≤ 1.10) for all the adsorbents except in the case of 

foramsulfuron adsorbed on S2 (Table 5). It is in accordance with the lowest hydrophobicity of 

thiencarbazone-methyl among the three herbicides studied. The adsorption of this herbicide 

increased in the order: S1 ~ S1+MM1 < S2 < S2 + MM1 = M3 < M2 ~ M1 < MM1. The Kf values 

determined for S1 and S2 were lower than the range of values (0.40 – 7.0) found in the 

literature for thiencarbazone-methyl on unamended soils (Gul, Ahmad, and Gul 2020) (PPDB 

2021). From a numerical point of view, the increase in surface area from M1 to MM1 after its 

milling as well as the application of MM1 to soils increased the herbicide adsorption on MM1 

and on amended soils compared to M1 (1.3 times) and unamended soils (1.5-4 times), 

respectively, whereas the opposite effect was observed with the increasing decomposition 

degree of mulch. However, the low Kf values make difficult to indicate objectively a significant 

effect of these variables on thiencarbazone-methyl adsorption. This non-hydrophobic 

herbicide showed the highest Kf adsorption value on MM1, similar to that observed for 

another non-hydrophobic herbicide, foramsulfuron. 

According to S-type isotherms describing the adsorption of thiencarbazone-methyl on all 

adsorbents, the adsorption of this herbicide was favored by the increase in the solute 

concentration in solution. This is revealed by Kd values (0.26 – 49.2) that increased from 1.3 

(S2+MM1) to 80.7 (M3) times the corresponding adsorption coefficients determined at low 

herbicide concentrations (Kf). The high nf values resulting from thiencarbazone-methyl 

adsorption isotherms, higher than those obtained for S-metolachlor and foramsulfuron, 

explain the highest variation between the Kf and Kd values for this herbicide. The values of Kd 

increasing in a more defined order than Kf values: S1 < S2 = S1+MM1 < S2 + MM1 << M1 < M2 

< MM1 < M3. In an adsorption study involving 10 unamended soils with a predominant sandy 
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loam texture, an OC content varying from 0.17% to 0.58%, and pH between 7.02 and 7.72, 

(Gul et al. 2020) determined higher Kd values (4.3 – 26.4) for thiencarbazone-methyl than 

those obtained in this study for S1 and S2 which have similar characteristics to their soils. Gul 

et al. obtained C-type adsorption isotherms for thiencarbazone-methyl on all soils.  

Despite the low hydrophobicity of thiencarbazone-methyl, a significant (p < 0.05) and a very 

significant positive correlation (p < 0.01) was observed between the adsorption of this 

herbicide at low (Kf) and high concentrations of compound (Kd) in solution, and the 

adsorbents’ OC content, respectively (Table 7). However, similar to foramsulfuron, the OC 

content would account for a lower percentage of variance in the adsorption of 

thiencarbazone-methyl by mulches and soils (68.3% (Kf) and 71.6% (Kd)) compared to that 

observed for S-metolachlor. This suggests, as previously indicated for foramsulfuron, that 

other mulch and soil parameters may influence the adsorption of this another non-

hydrophobic herbicide as indicated by higher CV found for its Kfoc and Kdoc values compared 

to those determined for S-metolachlor (Tables 3 and Table 4). Now, contrary to observed for 

foramsulfuron, a significant positive correlation (p < 0.05) was also determined between 

thiencarbazone-methyl Kf values and the DOC content of the adsorbents whereas a lack of 

relationship was observed for Kd vs. DOC content (Table 7).   In this case, the combination of 

the variables OC and DOC content of mulches and soils allowed explaining a higher 

percentage (78.9%) of the variance of the adsorption of thiencarbazone-methyl only at high 

concentrations of herbicide in solution (Kd) respect to that explained by the OC content as 

single variable (71.1%) (Table 6 and table 7). Again, no correlation was stablished between 

thiencarbazone-methyl adsorption constants (Kf and Kd) and adsorbents’ pH as indicated in 

PPDB (2021). 
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Figure 23. Adsorption-desorption isotherms of thiencarbazone-methyl by mulches (M1, M2, 

M3 and MM1), unamended (S1 and S2) and MM1-amended soils (S1+MM1 and S2+MM1). 

Closed symbols and continuous line correspond to adsorption and open symbols and dashed 

line correspond to desorption. 
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Table 5. Freundlich constants for adsorption (Kf and nf) and desorption (Kfd and nfd) of thiencarbazone-methyl by mulches, unamended and MM1-

amended soils, distribution coefficients (Kd), Kf or Kd normalized to 100% OC (Kfoc, Kdoc), and hysteresis coefficients (H). 

Sample  Kf ± SDa Kfoc Kd ± SDa Kdoc nf ± SD r2 Kfd ± SD nfd ± SD r2 Hb 

M1c 0.86 ± 0.10 1.9 17.37 ± 6.77 39.0 1.93 ± 0.17 0.975 0 11.17 ± 1.20 0.872 0.21 ± 0.01 

M2c 0.84 ± 0.26 1.9 21.17 ± 1.30 48.0 2.00 ± 0.08 0.909 0 14.6 ± 0.45 0.934 0.14 ± 0.01 

M3c 0.61 ± 0.02 1.4 49.22 ± 27.61 110.6 2.37 ± 0.19 0.925 0 - 0.907 - 

MM1d 1.10 ± 0.07 2.6 27.61 ± 2.24 66.2 2.00 ± 0.04 0.987 135 ± 11 0.33 ± 0.08 0.907 6.15 ± 1.52 

S1e 0.01 ± 0.00 1.4 0.26 ± 0.04 37.7 1.89 ± 0.06 0.963 1.34 ± 0.27 0.53 ± 0.02 0.907 3.58 ± 0.01 

S2f 0.40 ± 0.17 39.6 0.58 ± 0.09 57.4 1.11 ± 0.18 0.968 6.50 ± 1.34 0.22 ± 0.05 0.906 4.96 ± 0.25 

S1+MM1g 0.04 ± 0.00 0.6 0.57 ± 0.00 9.1 1.85 ± 0.02 0.914 0.19 ± 0.19 1.26 ± 0.35 0.904 1.47 ± 0.37 

S2+MM1h 0.61 ± 0.08 5.3 0.80 ± 0.13 7.0 1.09 ± 0.09 0.952 7.65 ± 0.79 0.12 ± 0.02 0.470 8.89 ± 2.28 

CV (%) 69.76 194.0 120.8 70.8       

a SD = standard deviation of replicates. b H = nf /nfd. c M1, M2 and M3 = mulches at different decomposition degree. d MM1 = milled M1.  
e S1 = unamended soil 1. f S2 = unamended soil 2. g S1+MM1 = soil 1 amended with 10% of MM1. h S2+MM1 = soil 2 amended with 10% of MM1. 
 i CV= coefficients of variation. Note –   No adsorption or desorption isotherms were obtained where “ - “ is reported.
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Table 6. Simple correlation coefficients (r) between Freundlich adsorption constants (Kf), 

distribution coefficients (Kd) and Freundlich desorption constants (Kfd) of herbicides and 

mulches and soil properties. 

Constant/Herbicide  pH OC DOC 

Kf/S-metolachlor (n=8)  -0.584 0.971a 0.830c 

Kd/S-metolachlor (n=8) -0.670d 0.934a 0.988a 

Kfd/S-metolachlor (n=8) 0.606 0.994a 0.875b 

Kf/foramsulfuron (n=8) -0.070 0.670d 0.341 

Kd/foramsulfuron (n=8) -0.551 0.843b 0.792c 

Kfd/foramsulfuron (n=4) -0.258 0.793 0.433 

Kf/thiencarbazone-methyl (n=8) -0.422 0.826c 0.711c 

Kd/thiencarbazone-methyl (n=8) -0.332 0.843b 0.606 

Kfd/thiencarbazone-methyl (n=5) 0.076 0.970a 0.991a 

a p < 0.001, highly significant. b p < 0.01, very significant. c p < 0.05, significant.  
d p < 0.1,  non-significant.   
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Table 7. Multiple regression equations between Freundlich adsorption constants (Kf), distribution coefficients (Kd) and Freundlich desorption 

constants (Kfd) of herbicides and mulches and soil properties. 

Constant/Herbicide  Regression equation p r2 

Kf/S-metolachlor (n=8)  -1.144 ± 3.662 + (1.471 ± 0.269) %OC - (1.330 ± 1.090) %DOC             0.0000 0.938 

Kd/S-metolachlor (n=8) -1.488 ± 2.468 + (0.309 ± 0.181) %OC + (4.430 ± 0.569) %DOC              0.0000 0.978 

Kfd/S-metolachlor (n=8)        0.998 ± 1.908 + (1.530 ± 0.140) %CO – (0.747 ± 0.569) %DOC  0.0000 0.987 

Kf/foramsulfuron (n=8) -3.668 ± 3.378 + (1.169 ± 0.248) %CO – (3.490 ± 1.010) %DOC 0.0011 0.773 

Kd/foramsulfuron (n=8) -7.170 ± 16.445 + (1.496 ± 1.207) %CO + (1.420 ± 4.910) %DOC 0.0043 0.602 

Kfd/foramsulfuron (n=4) -1.741 ± 2.654 + (0.975 ± 0.178) %CO – (2.433 ± 0.669) %DOC             0.1595 0.922 

Kf/thiencarbazone-methyl (n=8) 0.176 ± 0.148 + (0.019 ± 0.011) %CO – (0.020 ± 0.040) %DOC 0.0053 0.566 

Kd/thiencarbazone-methyl (n=8) -4.808 ± 4.701 + (1.378 ± 0.345) %CO – (3.00 ± 1.400) %DOC 0.0090 0.789 

Kfd/thiencarbazone-methyl (n=5) 0.323 ± 7.031 – (1.307 ± 1.827) %CO + (33.76 ± 13.10) %DOC 0.0138 0.972 
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5.2 Desorption of the herbicides by mulches and soils 
S-metolachlor 

Desorption isotherms were obtained after herbicide adsorption at initial concentrations of 25 

mg L-1 (Figure 21). S-metolachlor desorption was also well described by Freundlich equation 

with r2 values ranging from 0.88 to 0.99. The Kfd and nfd parameters determined from this 

equation are shown in Table 3. The Kfd values represent the amount that remains sorbed after 

desorption for an equilibrium concentration equal to unity. The Kfd values varied between 

3.39 and 65.1 and were higher for mulches than for soils (unamended and amended). These 

values varied in the same sense as Kf adsorption constants for unamended and amended soils 

although not apparently for mulches (S1 < S2 < S1+MM1 < S2+MM1 << M1 < MM1 < M3 ≈ 

M2). It should be noted that average Kfd values for mulches showed high standard deviation 

responsible for a non-significant difference between their Kfd values (Table 3). Other authors, 

however, did observe a clear decrease in desorption of S-metolachlor with mulch (maize) 

decomposition (Aslam et al. 2013).  There was a very significant (p < 0.01) or highly significant 

(p < 0.001) positive correlation between DOC and OC content of the adsorbents and Kfd of S-

metolachlor, respectively (Table 7) being, therefore, these two variables involved in the 

desorption of this herbicide as well as they were in its adsorption although the multiple lineal 

regression model obtained by combining OC and DOC content explained a slightly lower 

variance of Kfd (98.7%) than the OC content (98.8%) by itself as previously indicated for Kf. 

In all cases, the isotherms exhibited hysteresis to a greater or lesser extent, because 

desorption data did not coincide with those of the adsorption isotherms. The hysteresis 

coefficients (H) of the desorption isotherms were >1 in all cases and indicated a greater 

irreversibility (higher H values, lower desorption) of the adsorption of S-metolachlor from 

soils, especially from unamended ones, than from mulches (Table 3).  

 

Foramsulfuron  

Freundlich equation showed a worse ability to fit foramsulfuron desorption from all 

adsorbents than that of S-metolachlor with r2 values ranging from 0.61 to 0.91 (Table 4). The 

poorest fit was observed for MM1 and S1+MM1. In MM1 (r2 = 0.61), it is explained by a very 

fast desorption in the two first desorption points (Figure 22) and no desorption of herbicide 
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in the other two desorption points. A very fast and complete desorption from the second to 

the third desorption point explain the low r2 value in the case of S1+MM1 (r2 = 0.66). A total 

desorption took place for M2 and M3 in the first desorption point what explains the absence 

of the desorption isotherms of both adsorbents in Figure 22 and the corresponding 

desorption parameters in Table 4. In addition, no foramsulfuron desorption data were 

obtained for S1 as result of the non-adsorption of the herbicide on this soil.  Compared to S-

metolachlor, foramsulfuron showed lower Kfd values (Table 4) that could be explained by the 

low hydrophobicity and/or high solubility of this herbicide in contrast to those of S-

metolachlor. These Kfd values ranged from 0 - 26.3 unidades and were also higher for mulches 

(excluding M1 and M2 due to the absence of desorption isotherms) than for soils as previously 

indicated for S-metolachlor although it should be noted again that average Kfd values for 

mulches showed high standard deviation responsible for a non-significant difference between 

their Kfd values (Table 7). No correlation simple or combined was observed between Kfd 

values, OC and/DOC contents (Tables 6 and table 7). In all cases, the isotherms exhibited 

hysteresis. It was positive hysteresis (H > 1) for MM1, S2 and S2+MM1, and negative 

hysteresis (H < 1) for M1 and S1+MM1. The treatments S2 and S2+MM1 showed the greatest 

irreversibility (higher H values) of the adsorption of foramsulfuron (Table 4).  

 

Thiencarbazone-methyl  

According to the high r2 values (0.87 – 0.93), thiencarbazone-methyl desorption from all 

adsorbents was well fitted to Freundlich equation except for S2+MM1 that showed a poorer 

fit (r2 = 0.47). The Kfd and nfd parameters determined from this equation are shown in Table 

5. Thiencarbazone-methyl showed intermediate Kfd values (0.19 - 7.65) to those determined 

for S-metolachlor and foramsulfuron when the herbicides were desorbed from unamended 

and MM1-amended soils. For mulches, MM1 showed a very high Kfd value (= 135) while it was 

0 for the other three mulches corresponding to a total desorption of the amount of herbicide 

initially adsorbed (Table 5). However, it should be noticed that thiencarbazone-methyl 

desorption process was different for these non-milled mulches. The total desorption of the 

herbicide was reached for M1, M2 and M3 after the first, second and third desorption point, 

respectively (Figure 23). It was in accordance with the decrease in DOC of the mulches with 

their decomposition degree (Table 6). The highly significant (p < 0.001) positive correlation 
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found between Kfd desorption constants and the OC and DOC content for the desorption of 

thiencarbazone-methyl from mulches, unamended and MM1-amended soils support these 

results (Table 6). However, it should be noted that DOC content explained a higher variance 

of Kfd values (r2 = 98.2%) than CO (94.1%) or even than the combination of both variables 

(97.2%) (Table 7) Therefore, DOC content of adsorbents was the main variable controlling 

thiencarbazone-methyl desorption whereas their OC content did it for S-metolachlor and 

foramsulfuron. The isotherms exhibited hysteresis in all cases (Figure 23) and the H values 

increased in the order: M2 < M1 < S1+MM1 < S1 < S2 < MM1 < S2+MM1 (Table 5). (Gul et al. 

2020) also observed hysteresis for thiencarbazone-methyl in the adsorption-desorption 

experiment carried out on unamended soils. 

5.3 Influence of herbicides’ properties on its adsorption-desorption by mulches, 

unamended and MM1-amended soils 
The adsorption (Kf and Kd) and desorption (Kfd) constants were also subjected to multiple 

linear regression analysis by combining the two most significant variables of the adsorbents 

involved in the adsorption-desorption processes of the three studied herbicides (OC and 

DOC), and the solubility in water and hydrophobicity (Kow) of the compounds to determine 

the relative importance of mulches, soils (unamended and amended) and herbicides 

parameters when they vary simultaneously. 

A highly significant (p = 0.0000) multiple linear regression was obtained among the Kf 

adsorption constants, the Kow of the herbicides and the OC content of adsorbents when we 

jointly considered all the herbicides and all the types of adsorbents (n = 22). The r2 statistic of 

the equation obtained: 

Kf  (n=22) = (-1.424 ± 4.195) + (5.494 ± 1.171) Kow + (0.541 ± 0.131) %CO         [eq. 8 ] 

revealed that 62.2 % of the variability in the Kf could be explained by the combination of both 

variables for a confidence level of 99%. 

When we work at high concentrations of herbicides in solution, a highly significant multiple 

linear regression (p = 0.0000) was found among the Kd adsorption constants, the solubility of 

the herbicides in water and once more the OC content of adsorbents according to the 

equation obtained:  

Kd (n=22) = (-12.43 ± 7.79) + (0.006 ± 0.003) Solubility + (1.254 ± 0.214) %CO          [eq. 9] 
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The r2 statistic showed that 63% of the variability in the Kd could be explained by the herbicide 

solubility and the OC content of adsorbents for a confidence level of 90%. 

For the desorption process, the equation: 

Kfd (n=16) = (9.387 ± 9.341) - (0.010 ± 0.005) Solubility + (1.447 ± 0.291) %CO               [eq. 10] 

points to a highly significant (p = 0.0005) relationship between the Kfd desorption constants, 

the solubility of the herbicides in water and the OC content of adsorbents for a confidence 

level of 95%. The r2 obtained for this equation shows that it allows explaining 61.5% of the 

variability in the Kfd of the herbicides. 

Therefore, based on these results, OC content of mulches and soil was a key factor to explain 

the variability in Kf, Kd and Kfd. About the herbicides’ properties, their hydrophobicity 

expressed as Kow was involved in the variability of the Kf adsorption constant being it replaced 

by the solubility of the herbicides when Kd and Kfd are the constants analyzed. 

 

5.4 Impact of agricultural practices on herbicide’s adsorption-desorption: cover 

crop residues vs. organic amendments  
The most direct impact of mulches from cover crop residues and the application of organic 

amendments to agricultural soils on the environmental fate of herbicides and their effects as 

potential environmental contaminants of the soil and surface or ground waters, as well as on 

their efficiency against the weeds is controlled by the equilibrium adsorption-desorption of 

the compounds in each one of these receptor matrixes. Therefore, from a sustainable point 

of view, the ideal situation would be represented by the application in agriculture of an 

amount of herbicide enough high to be available in the soil to deal with weeds but not in 

excess to avoid their persistence in the soil and/or their transport to water bodies by runoff 

or leaching.  

The amount of herbicide remaining adsorbed by the mulches, unamended and MM1-

amended soils after desorption was calculated to evaluate the efficiency of these matrix as 

adsorbents and to estimate the real impact of using cover crop residues and organic 

amendments in agriculture. Figure 24 includes adsorbed amounts expressed as percentages 

of herbicide (S-metolachlor, foramsulfuron or thiencarbazone-methyl) in the aqueous 
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solution for an initial concentration of 25 μg mL−1, and remaining adsorbed amounts after 

desorption expressed as percentages of the herbicide adsorbed by the mulches, unamended 

and MM1-amended soils. Remaining adsorbed amounts <10% were obtained for the 

hydrophobic herbicide, S-metolachlor after desorption from mulches M1, M2 and M3. 

However, no remaining adsorbed amounts of the non-hydrophobic herbicides, foramsulfuron 

or thiencarbazone-methyl, were determined after desorption from the three mulches except 

for foramsulfuron from M3 that showed a low percentage (3.8%) after four successive 

desorption stages. These results indicate that, at field scale, the impact of mulching on the 

adsorption-desorption of the herbicides assayed in this study and consequently on their fate 

would be negligible in presence of precipitations or under irrigation practices since the wash 

off of the compounds intercepted by the mulch during their application towards the soil 

would be total or almost total for the non-hydrophobic herbicides independently of the 

decomposition degree of the mulch. However, the choice of S-metolachlor application time, 

it means do it on M1, M2 or M3, involved a loss of herbicide by no desorption ranging 

between 6.45% and 9.1% of the amount initially applied.  

In the case of using MM1 as adsorbent, for example as component of bio beds addressed to 

control the point pollution of soils and waters caused by an inappropriate handling of 

pesticides during their storage and use, or during the equipment cleaning process after 

application, its efficiency is not very high since a percentage ≤7.2% remained adsorbed on this 

organic material. Other organic adsorbents have showed higher adsorption efficiency for 

different pesticides than the obtained for the herbicides of the present study(García-Delgado 

et al. 2020)(Karanasios et al. 2010)(Marín-Benito, Rodríguez-Cruz, et al. 2012) 

On the other hand, the application of MM1 as organic amendments to the soils S1 and S2 only 

involved an increasing in the amount of herbicide remaining adsorbed after desorption in the 

case of S2 + MM1 for the three herbicides (up to 3.4 times for S-metolachlor, 5.6 times for 

foramsulfuron, and 1.1 times for thiencarbazone-methyl) and also for the most  



55 
 

 

Figure 24. Adsorbed amounts expressed as percentages of herbicide (S-metolachlor, 

foramsulfuron or thiencarbazone-methyl) in the aqueous solution for an initial concentration 

of 25 μg mL−1, and remaining adsorbed amounts after desorption expressed as percentages 

of the herbicide adsorbed by the mulches, unamended and MM1-amended soils. 
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hydrophobic herbicide, S-metolachlor, in S1 + MM1 (up to 3.6 times). This effect has been 

frequently cited in the literature and indicated as potential strategy to prevent point pollution 

of soils and waters by pesticides (Álvarez-Martín et al. 2016)(Marín-Benito et al. 2009)(Marín-

Benito, Sánchez-Martín, and Rodríguez-Cruz 2016)(García-Delgado et al. 2020). The impact of 

organic amendments in the amount of herbicide remaining adsorbed after desorption was 

higher than that observed for mulches whose main effect could be defined as a delay in the 

time that the herbicides would need to reach the soil surface as long as rainfall and/or 

irrigation took place after the application and interception of the herbicides by the mulches.   
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6. CONCLUSIONS  

The adsorption behavior of the three herbicides depended on the adsorbent, however, 

thiencarbazone-methyl showed a more homogenous mechanism of adsorption by the 

different adsorbents. According to Kf values, the general order of adsorption of the herbicides 

on all adsorbents was S-metolachlor > foramsulfuron > thiencarbazone-methyl. For S-

metolachlor and foramsulfuron, mulch decomposition degree held a positive impact in 

adsorption process, whereas it showed the opposite effect for thiencarbazone-methyl. These 

results indicate that the hydrophobic herbicide S-metolachlor obtained < 10 % remaining 

adsorbed amount, after desorption from mulches M1, M2, M3. However, for non-

hydrophobic herbicides, foramsulfuron and thiencarbazone-methyl, there is no remaining 

adsorbed amount after desorption from three mulches except for foramsulfuron from M3 

that showed a low percentage after four successive desorption stage. The main reason for 

the impact of organic amendments in the amount of herbicide remaining adsorbed after 

desorption was higher than the observed for mulches could be explained as a slowdown in 

time that the herbicide would need to get to the soil surface as long as rainfall and /or 

irrigation took place after the application and interception of the herbicides by the mulches. 

Results shows that CO and COD play an important role in adsorption-desorption of the three 

compounds. However, CO was the most important variable controlling the Kf, Kfd, of S-

metolachlor, Kd of formasulfuron and Kf of thiencarbazone-methyl, while DOC was the one 

that controlled the desorption Kfd of the thiencarbazone-methyl. A combined effect of these 

variable CO, DOC explained better and in significant way the variability of Kd of S-metolachlor, 

Kf of foramsulfuron and Kd of thiencarbazone-methyl. By the results we concluded that the 

adsorbent OC content has been positively correlated to desorption of S-metolachlor and 

foramsulfuron in soils, while for thiencarbazone-methyl DOC shows positive relation to 

desorption process.  
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