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Abstract 

Numerous organic sorbents have been introduced in recent years to develop 

technologies aimed at preventing the pollution of soil and water by pesticides. This 

work set out to study and compare the effect on the mobility of ethofumesate and 

terbutryn in a soil of five low-cost organic residues (grape marc, pine wastes, urban 

solid wastes, sewage sludge, and spent mushroom substrate), and two organoclays 

(swelling and non-swelling clays modified with octadecyltrimethylammonium). 

Herbicide leaching experiments were conducted under water saturated flow in hand-

packed soil columns in which sorbents were incorporated as barriers. The breakthrough 

curves obtained were fitted to the one-dimensional transport model CXTFIT. The 

leaching of ethofumesate and terbutryn in the soil recorded figures of 96.0% and 66.9%, 

respectively, and when a barrier of organic residues or organoclays was incorporated 

into the column these amounts decreased for ethofumesate to 65.7-84.6% and 3.35-

5.99%, and for terbutryn to 0.28-13.8% and 1.11-0.79%. The effect of the organoclay 

barriers was more significant for ethofumesate, while the effect of organoclays for 

terbutryn was close to that of certain organic residues. The barrier’s impact was also 

observed in the variation of the retardation coefficients (Rexp), which increased by 3-

202 or 3-40 times those coefficients for soil without a barrier. Distribution coefficients 

(K) increased 72-147 and 3771-9461 times (ethofumesate), and 46-986 and 264-747 

times (terbutryn) for amended soils with both organic residues and organoclays, 

respectively. Significant inverse correlations were found for ethofumesate between 

sorption coefficients and leached amounts due to the relevant effect of the OC content 

of organic sorbents in these processes, although this was not the case for terbutryn 

whose behavior was linked to the OC nature of organic sorbents. The herbicide leaching 

data were well described by CXTFIT (mean square error, MSE<1.2.10-6) for most of the 
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treatments, although it fell short with high sorption capacity barriers. Information from 

this study may be used to select an efficient method based on the use of sorbent barriers 

designed to prevent water contamination by pesticides. 

Keywords: Soil columns, ethofumesate, terbutryn, organic sorbents, modelling, 

CXTFIT 

1. Introduction 

Pesticide use is increasing worldwide (AEPLA, 2013), and some environmental 

pollution may be due to the leaching of these compounds through the soil, the runoff of 

treated soil, or the misuse and mishandling of these compounds (Reichenberger et al., 

2007). As a result, the development of technologies for preventing soil and water 

pollution by pesticides has been widely addressed in recent years because of the need to 

comply with European Community regulations (Directive 2008/105/EC).  

Some of these technologies are designed to control point sources of water 

contamination by pesticides (e.g., biobed or biomassbed) (Castillo et al., 2008; Vischetti 

et al., 2004) or remove these pollutants from water (e.g. biofilters or biobarriers) 

(Karanasios et al., 2012). They are based on the use of natural or modified materials 

with high organic carbon (OC) content owing to the affinity of hydrophobic pesticides 

for these materials, as OC is a relevant factor for their sorption by soils (Zolgharnein et 

al., 2011). This process generally leads to the pesticides’ immobilization in the soil, 

enhancing their subsequent degradation by decreasing their mobility, and hence 

reducing water pollution (Gupta et al., 2009; Marín-Benito et al., 2016).  

Numerous materials have been introduced in recent years for this purpose, 

falling into two types: low-cost organic residual materials, such as those sourced from 

urban, agricultural and industrial activities (sewage sludge, biosolids, crop or wood 
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residues, mushroom farming, and wine and olive oil production), which are generated 

daily in large quantities (9.6 kg/inhabitant) (Moreno Casco and Moral Herrero, 2008), 

and organic cation modifying inorganic materials, such as clay minerals, layered double 

hydroxide, and zeolites (De Smedt et al., 2015; Tahar et al., 2014, Villa et al., 1999). 

Organic residues have been explored as possible sorbents for many pesticides (Castillo 

et al., 2016; Marín-Benito et al., 2012; Rodríguez-Cruz et al., 2012), and they have been 

used in systems for treating agricultural effluents, such as the biobeds deployed in 

several European countries (Castillo et al., 2008). The use of biobeds is recommended 

by the European Union for sustainable waste management (Directive 2008/98/EC), as 

this could change the final outcome of waste and avoid the environmental problem of its 

accumulation. On the other hand, clay minerals are also being studied to improve their 

performances as barriers against organic pesticides (Stipičević et al., 2014). In this 

sense, modifying clay minerals by cation-exchange reactions with quaternary alkyl 

ammonium cations significantly enhances their capacity for the sorption of hydrophobic 

pesticides by changing the sorbent surface from hydrophilic to hydrophobic (Azejjel et 

al., 2009; López-Cabeza et al., 2017; Sánchez-Martín et al., 2006). These materials 

could be tailored to support a particular OC content provided by the organic cation 

(Cruz-Guzmán et al., 2005). 

However, while both types of materials have been successfully used in 

individual studies, no comparative study has been conducted of their effect on the 

sorption and subsequent leaching of pesticides in soils, which means one such study is 

required. The information provided by this comparison would help to select the most 

suitable material for solving a specific environmental problem.  

Ethofumesate and terbutryn are two herbicides with different chemical 

structures, properties and thresholds of toxicological concern (low class I and high class 
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III, respectively), although both compounds are potential groundwater contaminants 

(GUS index 2.57 and 2.40, respectively). Ethofumesate is a benzofuran compound used 

as pre- and post-emergence herbicide for grasses and broad-leaved weed control, mainly 

on sugar-beet. Terbutryn is a triazine compound used as pre-emergence herbicide to 

control certain grasses and broad-leaved weeds mainly on cereals (Lewis et al., 2016). 

Both herbicides have been detected in surface and ground waters in higher 

concentrations than those permitted by EU legislation (0.1 µg L-1) (Cruzeiro et al., 

2015; Herrero-Hernández et al., 2013; Romá-Tauler et al., 2010). These results and 

those reported in the literature on the influence of organic matter on the sorption of 

ethofumesate (Autio et al., 2004; Azejjel et al., 2010; Chevillard et al., 2012) and 

terbutryn (Azejjel et al., 2009; Barriuso et al., 1992; Xiao and Pignatello, 2015) by soils 

and/or organic sorbents support the studies on the effect of organic materials on 

increasing the immobilization and decreasing the leaching of both compounds in soil. 

Both herbicides could be considered as models of the non-ionic and weakly basic 

hydrophobic compounds widely used in countries worldwide.  

Accordingly, this work sought to study and compare the effect on the mobility of 

ethofumesate and terbutryn in a soil of five low-cost organic residues sourced from 

industrial operations (grape marc, pine wastes and spent mushroom substrates) and 

urban activities (urban solid wastes and sewage sludge) and two clays (swelling and 

non-swelling) modified with the quaternary ammonium cation 

octadecyltrimethylammonium (ODTMA). Sorbents were deployed as barriers in hand-

packed soil columns, and the leaching of herbicides was carried out under water 

saturated flow. The effect of the residue nature on leaching was supported by batch 

equilibrium sorption studies performed in this study, or as previously reported (Azejjel 

et al., 2009; 2010). Furthermore, the leaching data obtained were fitted to the one-
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dimensional transport model CXTFIT 2.1 in order to i) elucidate which parameters 

govern the transport of herbicides in systems involving soil with a barrier of different 

organic sorbents, and ii) help to adjust farming practices to find a cost-effective way of 

preserving water quality.

Although mathematical models are commonly used as efficient tools in solute 

transport studies and porous media management (Kodesova et al., 2012; Marín-Benito 

et al., 2013; 2015), to the best of our knowledge no modelling studies have addressed 

handling systems like the ones in this paper.  

2. Materials and methods 

2.1. Soil  

An agricultural sandy loam soil was collected from the surface layer (0-15 cm 

depth) in Aldearrubia (Salamanca, NW-Spain) (41°0′29″N, 5°29′51″W). The soil was 

air-dried and sieved (<2 mm) to determine its characteristics (pH, particle size 

distribution by the pipette method, and OC content) using standard analytical methods 

(Sparks, 1996) (Table 1). The dissolved organic carbon content (DOC) was determined 

in soil extracts as indicated in Marín-Benito et al. (2013). 

2.2. Organic sorbents 

The following five low-cost organic residues (cost varying between 0 €/kg (GM, 

UW and SS) and ~ 0.012 €/kg (PW and SMS)) were used as barriers in this study: grape 

marc (GM) from a winery in Aranda de Duero (Spain), made up of grape stalks, seeds 

and skins left after the crushing, draining and pressing stages; pine wood wastes (PW) 

in the form of sawdust from an industry in Salamanca (Spain); compost from the urban 

solid waste organic fraction (UW) from a treatment plant in Madrid (Spain); sewage 
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sludge (SS) stabilized by anaerobic digestion from a domestic waste treatment plant in 

Salamanca (Spain); and spent mushroom substrate (SMS) from Agaricus bisporus

(75%) and Pleurotus sp. (25%) cultivation, which is a pasteurized mixture of cereal 

straw and poultry litter, ammonium nitrate, urea, and minerals (gypsum and/or calcium 

carbonate) from La Rioja (Spain). GM, PW and SMS contain mainly cellulose, 

hemicellulose and lignin (Paredes et al., 2009), and GM also contains carbohydrates 

soluble in aqueous media (Corbin et al., 2015). SS and UW include amino acids, small 

proteins or lipids, with only a small amount of lignin or cellulose in their structures, 

although the ratio of aliphatic/aromatic compounds varies depending on the compost 

maturity of residues (Fernández et al., 2012; Jouraiphy et al., 2005). They were ground 

(<1 mm), and kept in a controlled humidity atmosphere for later use. The characteristics 

of organic residues were determined as indicated for the soil (Table 1). 

Two clays a bentonite and a common clay (particle size <1 mm) with different 

structures and saturated with ODTMA at 100% of their cation exchange capacity were 

also used as barriers for comparing with organic residues. The bentonite was consisting 

mainly of montmorillonite (sample SC or swelling clay mineral) and the common clay 

(sample NSC or non-swelling clay) was consisting largely of kaolinite, chlorite and an 

illite-montmorillonite interstratificated mineral. SC is from a Tertiary basin closely 

linked to Miocene volcanic–sedimentary formations located in the North-East of 

Morocco (the Segangane zone) and the NSC is from the Dchiriyine zone in Tetouan 

(Morocco). These clays are abundant and cheap resources (~0.127 €/kg SC and ~0.090 

€/kg NSC) in Morocco. The natural and modified clays were prepared and characterized 

by Azejjel et al. (2009). The OC content of these modified clays was 19.2% (ODTMA-

SC) and 5.5% (ODTMA-NSC). 
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2.3. Herbicides 

 Ethofumesate ((±)-2-ethoxy-2,3-dihydro-3,3-dimethyl-benzofuran-5-yl methane 

sulfonate) was used as unlabeled and 14C-labeled compound. The unlabeled compound 

was supplied by Riëdel de Haën (Hannover, Germany) (>99% purity), and [phenyl-U-

14C] ethofumesate (specific activity 2.85 MBq mg−1 and 98% purity) was supplied by 

International Isotopes (Munich, Germany). It is a solid compound with water solubility 

of 50 mg L-1 at 20ºC, a log Kow of 2.70 at 20ºC pH 7, and a GUS index of 2.57. 

 Terbutryn (N-(1,1-dimethylethyl)-N′-ethyl-6-(methylthio)-1,3,5-triazine-2,4-

diamine) was supplied by Riëdel de Haën (Hannover, Germany) (>98.5% purity). It is a 

solid basic herbicide (pKa=4.3) with a water solubility of 20 mg L-1 at 20ºC and a log 

Kow of 3.66 at 20ºC pH 7, and a GUS index of 2.44 (Lewis et al., 2016). 

2.4. Studies of herbicide sorption by soil, organic residues and modified clays 

The herbicide sorption isotherms for soil, organic residues and modified clays 

were obtained using the batch equilibrium technique. Duplicate soil samples (1g) and 

organic residues and modified clays (0.1 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 g 

mL-1, and an activity of 100 Bq mL-1 for 14C-ethofumesate. The procedure followed was 

as described in Alvarez-Martín et al. (2016).  

2.5. Soil column setup/leaching studies 

Leaching experiments were performed in glass columns (3 cm i.d. × 25 cm 

length) packed with the sandy loam soil (100 g) or with this soil plus intercalated 

barriers. The soil-barrier columns were prepared by adding 90 g of soil (~ 9 cm) plus 5 

g of organic residue (<1 mm) as barrier (~ 5 cm), and 5 g more of soil (~ 1 cm) on top 
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of the column. In the case of modified clays, different amounts were intercalated in the 

column as barriers (2 g of ODTMA-SC or 8 g of ODTMA-NSC), in agreement with 

their sorption characteristics and hydraulic conductivity. The amounts of ODTMA-SC 

and ODTMA-NSC were tested for maintaining a similar free drainage in the respective 

soil-barrier columns. Consequently, barriers of organic residues and organic-modified 

clays were not exactly similar. 

The columns were saturated to its maximum water holding capacity with water 

by placing them into a container with water and increasing the water volume in the 

container until it topped the columns. Then each column was allowed to drain so that it 

could attain humidity conditions equivalent to the field capacity. Following this 

treatment, a minor amount of DOC was released from the organic residue-soil mixtures 

(< 0.1% total OC), indicating that water-soluble compounds from the residues had 

stabilized before the leaching experiments began. The pore volume (PV) of the packed 

columns was estimated as the difference in weight between water saturated columns and 

oven dried columns. Herbicides were evenly applied at the top of the columns by adding 

1 mL of a solution of 1 mg mL-1 in methanol with a specific activity of 10 kBq mL-1 for 

the 14C-ethofumesate. Each experiment was performed in duplicate. 

Leaching was carried out one day after herbicide application in the soil column. 

The columns were washed by applying 500 mL of deionized water under saturated 

regime under continuous pumping. The leaching flow rate was maintained constant at 

0.75 mL min-1 by a Gilson MINIPULS 3 peristaltic pump (Gilson, Inc., Middleton, WI, 

USA). Fractions of the leaching solution (15 mL) were taken by a Gilson F203 

automated fraction collector. After leaching, the amount of herbicides retained in the 

soil-barrier system was determined in segments of 0-5 cm, 5-10 cm, and 10-15 cm, as 

indicated in Marín-Benito et al. (2013). 
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 Using chloride as an ion tracer, conservative tracer transport was implemented to 

describe the dispersive characteristics of the columns used for herbicide leaching. 

Chloride ion was applied at a rate of 47 mg per column (1 mL from KCl solution of 100 

g L-1 in water) in separate columns. Chloride ion leaching was carried out under a water 

flow regime similar to that used for herbicide leaching. 

2.6. Herbicide analysis 

The 14C-ethofumesate concentrations in equilibrium (sorption experiment) and 

in the leached fractions were determined by mixing 1 mL of supernatant or leachate 

with 4 mL of scintillation liquid (EcoscintTM A, National Diagnostics, Hessle, UK), and 

herbicide activity was measured in disintegrations per minute (dpm) on a Beckman 

LS6500 Liquid Scintillation Counter (Beckman Instruments Inc., Fullerton, CA, USA). 

The dpm value recorded was related to the dpm obtained for the aliquots of the 

respective standards of the herbicide solutions. Determinations were carried out in 

duplicate for all the solutions, and the range of the coefficient of variation was always < 

2%. The amounts of 14C-ethofumesate retained in the soil after leaching were 

determined by the combustion of triplicate 1 g dried soil samples from each segment of 

the column using a Biological Oxidizer OX500 (R.J. Harvey Instrument Corporation, 

Tappan, NY, USA). The 14CO2 generated was trapped in a mixture of ethanolamine (1 

mL) and a scintillation cocktail (Oxysolve C-400, Zinsser Analytic, Berkshire, UK, 15 

mL), and determined as indicated above. 

For terbutryn, the concentrations in equilibrium (sorption experiment) and in 

leachate were determined by high-performance liquid chromatography (HPLC). The 

instrument used was a Waters chromatograph (Waters Association, Milford, MA), 

equipped with a model e2695 multisolvent delivery system and autosampler, a model 
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996 photodiode array detector (DAD), a ZQ mass spectrometer detector (MS), and 

Empower software as the data acquisition and processing system. A Waters Symmetry 

C18 column (75 x 4.6 mm i.d., 3.5 µm) was used at ambient temperature, and the 

mobile phase was 80/20 methanol/ultrapure water Milli-Q (Millipore) in a 0.1% formic 

acid solution. The flow rate of the mobile phase was 0.3 mL min-1, and the sample 

injection volume was 20 µL. Detection by HPLC/DAD was at 221 nm, and detection by 

HPLC/MS was carried out to identify and quantify the compound by monitoring the 

positive molecular ion (m/z) 220.4. Under these conditions, herbicide retention time 

was 4.54 min. The same method was used to determine terbutryn in soil extracts after 

leaching. 

Chloride ion concentrations were determined using a Metrohm Ion 

Chromatograph (Metrohm Ltd., Switzerland) with a conductivity detector. Chloride ion 

concentrations were determined following the method described by Marín-Benito et al. 

(2013). 

2.7. Data analysis 

Sorption data were fitted to linear Freundlich equation (log Cs=log Kf+nf log 

Ce) and to linear regression forced through the joint axis origin (0,0) (Cs = K Ce) with 

linear regression correlation coefficients r2 ≥ 0.94, where Cs (μg g−1) is the amount of 

herbicide sorbed and Ce (μg mL−1) the equilibrium concentration of herbicide in 

solution). Sorption coefficients (Kf, nf and K) were determined to compare the sorption 

values of herbicides by organic sorbents. The K coefficients were used to calculate the 

retardation coefficients (Rexp). The K values for the soil-barrier system (Ks-b) were 

determined by the equation Ks-b = Fs Ks + Fb Kb (Voudrias, 2002), where Fs and Fb are 

the respective soil and barrier fractions in the columns, and Ks and Kb are, respectively, 
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the linear distribution coefficients of herbicide sorption by the soil and the residues 

comprising the barriers. 

The CXTFIT 2.1 code was used to inversely determine the transport parameters 

of herbicides in the soil columns with or without barriers from experimental 

breakthrough curves (BTCs). The equilibrium model for one-dimensional non-reactive 

solute transport, assuming steady-state flow in a saturated and homogeneous porous 

medium, was used to simulate the mobility of the chloride tracer. The model’s 

description is included in the Supplementary Material. Numerical values for the 

dispersion coefficient (D, cm2 min-1) were estimated by fitting the model under 

equilibrium conditions to the BTCs of the Cl- tracer in the soil or soil-barrier columns. 

These D values were later fixed as inputs, and the parameters ω (mass transfer 

coefficient between the equilibrium and non-equilibrium phases) and Rmod of the 

herbicides in each soil column were determined by inverse modelling applied to their 

BTCs, assuming non-equilibrium conditions.  

Standard deviation (SD) was used to indicate variability among replicates. 

Leached and retained amounts of herbicides, and the transport parameter D were 

subjected to an analysis of variance (ANOVA), and the least significant difference 

(LSD), at a confidence level of 95%, was used to evaluate the different soil treatment on 

herbicide mobility. SPSS Statistics 22.0 software for Windows (SPSS Inc. Chicago, 

USA) was used. 

3. Results and discussion 

3.1. Sorption of herbicides by soil and organic sorbents 

 The sorption isotherms of ethofumesate and terbutryn by organic residues and 

modified ODTMA-clays were obtained (Fig. S1 in Supplementary Material). They 
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fitted the Freundlich equation (r2≥0.98, p<0.01), and Freundlich constants Kf and nf 

were calculated (Table 2). The distribution coefficients K were also calculated because 

the isotherms obtained were in general close to type C, which means linear. This 

indicates that the herbicides were sorbed by partitioning in these organic sorbents 

(Marín-Benito et al., 2012, Rodríguez-Cruz et al., 2007a).  

 The K sorption coefficient of ethofumesate by the soil was 0.423, and it 

increased up to 72-147 times when the organic residues were used as sorbents. The 

highest values obtained were for those with higher OC content, GM and PW. The log 

Koc values are included in the range obtained for the sorption of ethofumesate by soils 

(1.74–2.98) with OC content between 0.08 and 7.06 (Autio et al., 2004; Sánchez-Martín 

et al., 1993). However, the Koc values fell within a narrower range (CV=15%) for soil 

and organic residues. The minor differences among Koc values indicate that only OC 

content was significant in the sorption of ethofumesate by organic residues. Despite the 

different OC structure and nature of the residues (Moreno Casco and Moral Herrero, 

2008), this was not very relevant for the sorption of ethofumesate. A significant 

correlation coefficient between K and OC of organic residues and soil (r2=0.95, p<0.01) 

was found, consistent with the very close Koc values. Previous studies done to assess 

the sorbent capability of some of the organic residues aimed in our study for pesticides 

with close properties to those of ethofumesate (Rodríguez-Cruz et al., 2012) reported a 

similar correlation for the sorption of diazinon by SS, GM and SMS, but not for the 

sorption of linuron and myclobutanil. The authors indicated that the highest DOC 

content in GM decreased the sorption of linuron and myclobutanil by this residue 

compared to SS and SMS. 

 The K values were much higher for the sorption of ethofumesate by ODTMA-

clays (K=4002 (ODTMA-SC) and 1595 (ODTMA-NSC)) than by the organic residues. 
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The increase in sorption was more significant for the SC, with a higher OC content, than 

for the NSC, and the Koc values were very close (Table 2). These Koc values increased 

up to two orders of magnitude for both ODTMA-clays relative to soil and organic 

residues, reflecting the increased sorption capacity of these modified materials for 

ethofumesate. The results indicate that the organic phase provided by ODTMA long-

chain organic cation in exchanged-SC and -NSC was very effective for the sorption of 

ethofumesate. Other organoclays have also shown a high sorption capacity for other 

pesticides (Cruz-Guzmán et al., 2005). However, in this paper, only swelling clays were 

explored as sorbents, even though non-swelling clays could be efficiently exploited for 

such ends (Azejjel et al., 2009; Sánchez-Martín et al., 2006).

 The K sorption coefficient of terbutryn by natural soil was 2.49, and it increased 

up to 46-986 times with organic residues. The sorption of terbutryn was always higher 

than that of ethofumesate (Table 2), possibly due to its more hydrophobic character, as 

indicated by its Kow value. Rodríguez-Cruz et al. (2007a) already reported a highly 

significant correlation coefficient between Kf sorption constants and Kow of non-ionic 

pesticides when woods were used as sorbents. The K values for GM and PW were much 

higher than for UW, SS and SMS (Table 2). GM and PW have the highest OC contents, 

but no significant correlation was found between K values of terbutryn and OC content 

of organic residues and soil. Accordingly, Koc values ranged widely (CV=120%) for 

soil and organic residues. This confirmed the influence on the sorption of terbutryn of 

the OC nature of the soil (humic acid, HA) or organic residues (lignin and HA-like 

substances formed in their composting process) (Fernández et al., 2012). This supports 

the higher sorption of terbutryn by GM and PW with the highest lignin content than by 

composted organic residues. Rodríguez-Cruz et al. (2007a) reported the involvement of 

lignin in the sorption of non-ionic pesticides by woods, but not of the OC content of 
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woods. The K values for the sorption of terbutryn by UW, SS and SMS were similar, as 

were the Koc values (CV=0.5%), albeit lower than Koc for the soil.  

 The K values for the sorption of the herbicide by ODTMA-clays (K=1861 

(ODTMA-SC) and 656.4 (ODTMA-NSC)) were high, although the sorption capacity of 

these modified materials for terbutryn was lower than that of some organic residues. 

Sorption was greater by the SC than by NSC due to its higher OC content and the 

possibility of terbutryn being adsorbed into its interlayer space, whereas sorption by the 

NSC clay would occur on its outer surface (Azejjel et al., 2009). The log Koc values for 

ODTMA-clays (~4) (Table 2) were the highest for all the sorbents explored, showing as 

it was seen for ethofumesate that the adsorbent phase formed by these modified clays 

may be more effective for terbutryn than that of organic residues. 

3.2. Leaching of chloride ion in soil columns with and without barriers 

The BTCs for the leaching of the non-reactive chloride ion through natural soil 

or soil-barrier columns (Fig. 1) were symmetrical, with no significant tailing, which 

indicates a well-saturated soil column. Some broadening of the BTCs with a reduction 

in peak concentration was found in soil-barrier columns. Elution started at ca. 0.5 PV, 

and peaked at ca. 1 PV, when the water volume filling column voids was eluted. These 

BTCs are generally expected to occur in the percolation of conservative ions, and 

indicate physical equilibrium and uniform water flow through the soil column. 

Accordingly, the overall average mass recovery of Cl- entering and leaving the column 

was in the range 96-105%.  

Based on the symmetrical shape of the chloride BTCs, the CXTFIT code was 

used under equilibrium conditions to estimate ion tracer leaching (Marín-Benito et al., 

2013; Zhou et al., 2010). Chloride BTCs were properly fitted to the CDE equilibrium 
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model for all the treatments (Fig. 1). It was supported by the high values of the 

determination coefficients (R2 ≥ 0.96), together with the low mean square errors (MSE ≤ 

0.006) obtained from the fitting (Table 3). Intercalating the residue barriers in the soil 

column increased the estimated D values (Table 3), although no significant correlation 

was observed between this parameter and the OC content of the residues. The estimated 

D values ranged from 0.025 cm2 min-1 (S) to 0.268 cm2 min-1 (S+UW) and the increase 

ranged from 2.1 to 10.7 times, and was observed mainly for the GM, UW, SS, and 

ODTMA-clay barriers. The soil columns with PW and SMS barriers recorded D values 

in the same order of magnitude as those determined for the soil column without a barrier 

(LSD=0.079, p<0.05) (Table 3). The highest D values estimated could be explained by 

the major differences between the properties, composition and/or physical structure of 

the soil and the GM, UW, SS, and ODTMA-clay sorbents, and might therefore be 

responsible for the soil-barrier system’s greater heterogeneity. These results are 

consistent with those reported for columns of soil amended with GM, SS and SMS 

residues (Marín-Benito et al., 2013). In addition, the D values estimated here and in 

Marín-Benito et al. (2013) are similar, which confirms that at the ratio used here our 

soil-barrier system can rightly be assumed to be a homogeneous porous media.  

On the other hand, low dispersity values (λ) were calculated from D for each soil 

column (see the Supplementary Material). These values varied between 0.113 (S) and 

0.766 cm (S+UW) (Table 3), and are within the order of values observed in 

homogeneous soil columns by other authors (Huang et al., 1995). No significant 

correlation was also observed between λ and the OC content of the residues (Koestel et 

al., 2012).  

3.3. Leaching of herbicides in soil columns with and without barriers
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The experimental and modelling BTCs corresponding to the leaching of 

ethofumesate and terbutryn in natural soil columns and in columns of soil (S)+barriers 

(Fig. 2 and 3) were different from those of the non-reactive tracer. The BTCs of both 

herbicides in soil with or without a barrier were all asymmetrical with tailing, indicating 

their interaction with the soil or barrier to a greater or lesser extent. This asymmetry in 

the BTCs has often been observed in the leaching of pesticides from soils, being 

attributed to sorption kinetics (non-equilibrium sorption), due to the time-dependent 

interactions between the pesticides and the soil components (Brusseau et al., 1990; Pang 

et al., 2003). It was therefore necessary to simulate herbicide leaching through soil 

columns under non-equilibrium conditions (Thevenot and Dousset, 2015). Table 4 

provides the experimental values for the linear distribution coefficients corresponding to 

the soil-barrier systems (Ks-b) and their experimental retardation factors (Rexp), together 

with the parameters from the BTCs generated by CXTFIT modelling using the non-

equilibrium approach (β, ω and Rmod) (see description in the Supplementary Material). 

3.3.1. Leaching of ethofumesate 

The BTCs of ethofumesate indicated rapid leaching from natural soil, with a 

peak at 1.6 PV corresponding to 30.1% of the concentration initially added to the 

column. The presence of a barrier in the soil column shifted the BTC both in the pattern 

and in the peak concentration. A decrease of 4-10 times of the peak concentration was 

found when GM, PW, UW, SS or SMS were used as barrier, with a decrease of 60-100 

times when the modified clays were used. This peak was obtained in a PV similar to 

that of the soil (range of 1.3-1.8 PV). Furthermore, BTCs indicated a relevant change in 

the leaching kinetics of ethofumesate with continuous washing of the compound after 

the peak was reached. These curves recorded long tails when the barrier was SMS, SS 
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and ODTMA-clays, or broad peaks towards the 4-9 PV (UW barrier) or 5-11 PV (GM 

and PW barriers) zone, with the peaks representing 3.4% and 2.5-2.6% of the amount 

initially applied, and indicating a decrease of up to 9 and 11 times, respectively, relative 

to peak concentration in natural soil. 

The amount of ethofumesate leached in soil without a barrier was 96.0% after 

the addition of 500 mL of water. This amount decreased up to 65.7%-84.6% of the 

amount applied when the barrier of organic residues was intercalated, and up to 3.35%-

5.99% for the barriers of ODTMA-clays (Table 5). Leaching decreased in the order: S > 

S+SMS > S+UW > S+GM ≈ S+SS ≈ S+PW >> S+ODTMA-NSC > S+ODTMA-SC 

(Table 5). A significant decreased leaching (p<0.05) was observed with organoclays 

barriers even taking account the different amounts of organic residues and organoclays 

used as barriers. A significant negative correlation was found between the leached 

amounts and the sorption coefficients K of ethofumesate (r2=0.67, p<0.05, including 

only values obtained in columns with organic residues, and r2=0.77, p<0.01, including 

all the samples). A significant correlation was also obtained between the leached 

amounts and the OC content of residues according to the influence of OC on the 

sorption of ethofumesate by these sorbents. The lowest leached amount in columns of 

S+ODTMA-clay barriers agrees with the high sorption coefficients of ethofumesate by 

these sorbents. These results indicate that not only swelling clays show a high 

performance for preparing barriers against pollutants, but also the non-swelling clays, 

which additionally do not limit the hydraulic conductivity of the soil as SC. Other 

modified clays have also been reported as relevant materials for avoiding the point 

pollution of soils by pesticides (Rodríguez-Cruz et al., 2007b).  

Based on the high sorption coefficient of GM, an amount of ethofumesate higher 

than expected leached when this organic residue was used as barrier. It was similar as 
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observed for the SS treatment (p<0.05) with a lower sorption coefficient. This could be 

due to the DOC content of GM (5.88%) (Table 1), which would facilitate the leaching 

of ethofumesate, although this effect was not observed when sorption was determined 

by the batch equilibrium technique. The influence of DOC associated with amendments 

in increasing the leaching of pesticides has been reported (Marín-Benito et al., 2016; 

Thevenot and Dousset, 2015). However, soluble organic compounds could also be 

sorbed by soil components, in particular clays, giving rise to the formation of new 

hydrophobic surfaces that would increase pesticide sorption (Álvarez-Martín et al., 

2016; Rodríguez-Cruz et al., 2012).  

The barrier’s effect was also observed in the variation in the retardation 

coefficients (Rexp) (Table 4), and in the residual amount of herbicide retained within 

the soil column (Table 5). The Rexp values increased by factors of 3-226 relative to the 

natural soil. A mixture of bound herbicide and herbicide in pore water that had not yet 

eluted was distributed through the column, with the highest percentage being in the top 

segment, with the rest being retained relatively uniformly between the other two column 

segments (Fig. S2 in Supplementary Material).  

The CXTFIT model clearly described the peak arrival time and the peak 

concentration of ethofumesate BTCs for most of the treatments, although ethofumesate 

leaching was underestimated or overestimated at advanced stages in certain cases (Fig. 

2). The BTCs of ethofumesate provided a good fit with the CXTFIT model based on the 

low MSE values (<1.2.10-6), and the determination coefficients were quite acceptable 

for most of the treatments (0.28 < R2 < 0.94) (Table 4). MSE and R2 values were similar 

to those reported for other pesticides in columns of soil homogeneously amended with 

SS, GM and SMS residues (Marín-Benito et al., 2013). The weakest performance of the 

model used to describe the leaching of ethofumesate was observed for the S+GM 
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column, which is consistent with the results reported for the herbicide linuron in 

columns of soil homogeneously amended with this residue (Marín-Benito et al., 2013). 

The processes ignored by the model code, such as the competition between solutes 

(DOC and ethofumesate) by sorption sites, could explain the model’s weakness for 

describing the high leaching observed for this treatment, which is unexpected given its 

high sorption coefficient, as indicated above (Thevenot and Dousset, 2015). In other 

cases, the presence of two peaks in the ethofumesate BTCs observed for some 

treatments (S+GM, S+PW and S+UW) limited the CXTFIT model’s performance (Fig. 

2). Some authors have also encountered this difficulty when fitting the leaching 

behavior of other pesticides, such as endosulfan and diazinon (López-Blanco et al., 

2005; Marín-Benito et al., 2013).  

Inverse modelling did not converge for the ODTMA-clay barriers, and no 

simulated BTCs were obtained. The lack of convergence of the one-site non-equilibrium 

transport model in the ODTMA-clay treatments might suggest that this approach has its 

limitations for simulating the leaching of pesticides strongly retained by the system. 

Zhou et al., (2010) have accurately simulated the leaching behavior of the glyphosate 

herbicide through an undisturbed soil column, where it was strongly retained (R= 175) 

when the two-site sorption model was used. However, the yield in this type of 

modelling studies depends not only on the complexity of the sorption model (one, two 

or three-site), but also on other experimental conditions, such as pore water velocity, 

which determine the sorbent-sorbate contact time (Lee et al., 2002). Srinivasan and 

Sarmah (2014) have been unable to fit the experimental BTCs of some sulfonamides 

using a two-site model, suggesting than even a more complex and developed model 

(e.g. a three-site non-equilibrium model) could not do so under the high vp used in the 

experiment (110-190 cm h-1). Although the vp used here (13-21 cm h-1) were not as high 
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as those reported by Srinivasan and Sarmah (2014), they might be high enough to limit 

the fit of the ethofumesate BTCs by the one-site model in the systems with the highest 

sorption coefficients (S+ ODTMA-clays). According to β and ω values, much lower 

than 1 and 100, respectively, non-equilibrium conditions governed ethofumesate 

leaching in all the treatments (Table 4) (Brusseau et al., 1990). The high vp of the 

experiment might have conditioned the low values of both parameters due to a scarce 

retention time for instantaneous sorption and mass transfer. 

The CXTFIT model estimated Rmod values for ethofumesate that were very 

similar to Rexp values although they were slightly underestimated by the model by 

factors of 1.11 to 1.67 (Table 4). These results are consistent with those reported for 

other pesticides (Rodríguez-Liébana et al., 2014). The approach taken to determine the 

sorption coefficient corresponding to the system S+barrier (Ks-b) might explain the 

differences between Rexp and Rmod values. In addition, another possible source of 

discrepancy is the fact that Rmod was estimated under non-equilibrium conditions, as 

opposed to the equilibrium conditions under which experimental sorption coefficients 

were measured. Other factors, such as the different soil/water ratio or the higher soil-

pesticide contact time in batch experiments than in the columns studied, have been cited 

in the literature to explain differences in the sorption coefficients under static (batch) or 

dynamic (columns) conditions (Vereecken et al., 2011). 

3.3.2. Leaching of terbutryn  

The BTCs of terbutryn displayed a slower leaching than those of ethofumesate. 

The BTC in natural soil recorded a peak at 4.7 PV, corresponding to 4.6% of the 

amount initially added to the column, which indicated the delayed leaching of terbutryn, 

and hence greater sorption of this herbicide by the soil and/or a higher formation of 
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bound residues. The presence of a barrier in the column leads to a shift in the curves. A 

small peak at 1-1.3 PV was observed in S+ODTMA-clays, representing 0.03-0.04% of 

the amount initially added, and indicating a decrease of ~150 times relative to the peak 

concentration in natural soil. When GM, PW, UW, SS or SMS were used as barrier, the 

BTCs indicated an important change in the leaching kinetics of terbutryn. The 

continuous washing of the compound in a very low concentration (<0.01% of the 

amount initially added) without maximum peak was observed for GM and PW barriers. 

For UW, SS and SMS treatments, the continuous washing of the compound recorded a 

peak after the application of 500 mL of water in a very low concentration (≤1% of 

amount initially added).  

The amount of terbutryn leached in soil without a barrier was 66.9% after the 

addition of 500 mL of water. This amount decreased up to 0.28-13.8% and up to 0.79-

1.11% of the amount applied when the respective barriers of organic residues or 

ODTMA-clays were intercalated (Table 5). Leaching decreased in the order: S > 

S+SMS ≈ S+SS > S+ODTMA-SC ≈ S+ODTMA-NSC ≈ S+UW ≈ S+GM ≈ S+PW 

(p<0.05) (Table 5). The decreased leaching showed by organoclays barriers was less 

relevant for terbutryn than for ethofumesate compared to the organic residues barriers. 

The lower amounts leached correspond to columns with GM and PW barriers, in 

agreement with the greater sorption coefficients of terbutryn and the higher OC content. 

However, contrary to ethofumesate, there was no significant correlation between the 

leached amounts and the sorption coefficients K of terbutryn with organic sorbents. 

Nonetheless, the effect of all the sorbents used as barriers was highly significant, 

decreasing the leached amounts in the range of 5 and 239 times relative to natural soil. 

The Rexp values increased in the presence of the barriers by three to forty times those 

relative to the natural soil (Table 4). 



23 

The residual amount of herbicide retained within the soil column indicated the 

almost full retention (>90%) of terbutryn in the top segment of the column when the 

barriers were GM, PW and ODTMA-clays. When UW, SS or SMS were used as 

barriers, the herbicide was distributed with the higher percentage in the top segment of 

the column (>75%), and relatively uniformly retained between the other two column 

segments (Fig. S2). These results show the high performance of all barriers tested 

against point pollution sources by terbutryn.  

The CXTFIT model provided a good simulation of the leaching behavior of 

terbutryn for most of the treatments, according to the low MSE values (<1.1.10-7) and 

the range of R2 values (0.72 < R2 < 0.99). The exceptions were S+GM, S+PW and 

S+ODTMA-NSC, which recorded the highest retardation factors (Rexp) (Table 4, Fig. 

3). Inverse modelling did not converge for these three treatments, and so their simulated 

BTCs were not obtained. Similar to ethofumesate for the S+ODTMA-clay treatments, 

the high retention of terbutryn by the S+GM, S+PW and S+ODTMA-NSC systems 

combined with the high experimental vp might have played an important role in 

restricting the performance of the one-site model for simulating the corresponding 

BTCs. 

The values of β <<1 and ω<<100 suggest that the transport of terbutryn occurred 

under non-equilibrium conditions. In general, the Rexp values determined for terbutryn 

were underestimated by the model, as in the case of ethofumesate (Table 4). 

Nevertheless, the Rmod estimated for the terbutryn were also quite close to the Rexp, 

and so the model might be reasonably used to estimate its mobility behavior in most of 

these systems with organic residues barriers. 

4. Conclusions 
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The results indicate a significant effect of organic sorbents incorporated as barriers in 

soil columns to increase the retention and decrease the leaching of the herbicides 

studied. Differences in the maximum concentration of the elution peaks and in the 

amounts leached compared to those of the soil without a barrier were related to the 

sorption capacity of organic sorbents determined by batch equilibrium experiments. The 

most dramatic effects of organic sorbents were observed for terbutryn, the most 

hydrophobic herbicide. An outstanding reduction in the leaching amounts of 

ethofumesate, the most leachable herbicide, was determined for ODTMA-clay barriers, 

and those of terbutryn for GM, PW, UW residue barriers, although an equivalent 

performance of all the barriers of organic residues can be assumed for this more 

hydrophobic herbicide. A significant inverse correlation was found between the leached 

amounts and the sorption coefficients K of ethofumesate with organic residues, but not 

so for terbutryn. The results also show that, in contrast to what has been usually 

claimed, non-swelling clays can be successfully employed for preparing barriers against 

pollutants. On the other hand, the modelling exercise showed that ethofumesate and 

terbutryn leaching in a soil-barrier system is properly simulated using a simple CDE 

one-site non-equilibrium based model, but it is not defined when high herbicide sorption 

is caused by the barrier. Nonetheless the model might be reasonably used to estimate the 

mobility behavior of herbicides in most systems with organic residue barriers. The low-

cost of the organic sorbents studied makes the selection to be dependent on the efficacy 

of these residues to be used as barriers. Our findings could be useful for selecting the 

suitable organic sorbent to be applied in technologies designed to prevent water 

contamination by pesticides. 
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Figure Legends 

Fig. 1. Measured and simulated breakthrough curves corresponding to the leaching of 

chloride ion in columns of natural soil (S) and soil with an intercalated barrier of 

organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays 

(S+ODTMA-SC and S+ODTMA-NSC). 

Fig. 2. Measured and simulated breakthrough curves corresponding to the leaching of 

ethofumesate in columns of natural soil (S) and soil with an intercalated barrier of 

organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays 

(S+ODTMA-SC and S+ODTMA-NSC). 

Fig. 3. Measured and simulated breakthrough curves corresponding to the leaching of 

terbutryn in columns of natural soil (S) and soil with an intercalated barrier of 

organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays 

(S+ODTMA-SC and S+ODTMA-NSC). 
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Fig. 1. Measured and simulated breakthrough curves corresponding to the leaching of 

chloride ion in columns of natural soil (S) and soil with an intercalated barrier of 

organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-

SC and S+ODTMA-NSC). 
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Fig. 2. Measured and simulated breakthrough curves corresponding to the leaching of 

ethofumesate in columns of natural soil (S) and soil with an intercalated barrier of 

organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-

SC and S+ODTMA-NSC). 
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Fig. 3. Measured and simulated breakthrough curves corresponding to the leaching of 

terbutryn in columns of natural soil (S) and soil with an intercalated barrier of organic 

residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-SC and 

S+ODTMA-NSC). 
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Table 1. Characteristics of soil and organic residues (% dry weight basis). 

Parameters/samples Soil GM PW UW SS SMS 

pH 5.8 5.0 5.0 7.2 7.1 8.0 

OC% 0.26 41.8 41.5 27.5 24.8 26.7 

DOC% 0.01 5.88 1.62 1.54 1.98 1.22 

OM% 0.45 - - - - - 

N% 0.04 3.08 - - 3.72 2.20 

C/N 6.2 13.6 - - 6.67 12.1 

CEC (cmol kg-1) 7.7 - - - - - 

Sand 84.4 - - - - - 

Silt 3.8 - - - - - 

Clay 11.8 - - - - - 
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Table 2. Freundlich constants (Kf and nf) and distribution coefficients (K and Koc) for the 

sorption of ethofumesate and terbutryn by soil (S), organic residues (grape marc (GM), 

pine wastes (PW), urban wastes (UW), sewage sludge (SS) and spent mushroom substrate 

(SMS)) and organoclays (ODTMA-SC and ODTMA-NSC). 

Treatment Kf nf r2 K r2 Koc Log Koc 

Ethofumesate  

S 0.526±0.04 0.92±0.00 0.99 0.423±0.03 0.99 163 2.211 

GM 67.11±0.46 0.97±0.00 0.99 62.32±0.15 0.99 149 2.173 

PW 67.53±0.94 0.96±0.01 0.99 61.09±0.04 0.99 147 2.168 

UW 35.62±1.02 0.94±0.02 0.99 30.37±0.55 0.99 110 2.043 

SS 36.20±0.28 0.96±0.01 0.99 33.14±0.16 0.99 134 2.126 

SMS 54.54±0.57 0.94±0.00 0.99 45.57±0.58 0.99 171 2.232 

ODTMA-SC  4233±27.8 1.07±0.13 0.99 4002±25.4 0.98 20844 4.319 

ODTMA-NSC 1691±15.4 0.95±0.08 0.99 1595±16.0 0.94 29000 4.462 

CV (%)a    60  15 3 

CV (%)b    196  184 38 

Terbutryn  

S 2.711±0.04 0.95±0.02 0.99 2.490±0.21 0.99 958 2.981 

GM 1192±9.12 0.94±0.03 0.99 1149±7.33 0.99 2749 3.439 

PW 2444±13.7 0.95±0.08 0.99 2455±15.6 0.99 5916 3.772 

UW 140.7±4.13 0.93±0.09 0.99 121.1±6.89 0.99 440 2.644 

SS 132.8±3.95 0.93±0.08 0.99 114.3±7.01 0.99 461 2.664 

SMS 155.1±6.31 0.92±0.12 0.99 123.7±6.94 0.98 463 2.666 

ODTMA-SC 1784±17.31 1.03±0.11 0.98 1861±21.7 0.96 9693 3.986 

ODTMA-NSC 681.0±11.5 0.97±0.07 0.99 656.4±13.9 0.99 11935 4.077 

CV (%)a    148  120 16 

CV (%)b    115  113 19 
aVariation Coefficients (CV) among the treatments soil and organic residues, b and 
organoclays
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Table 3. Parameters of soil columns (L, ρ, θ) and estimated transport parameter (D) for chloride tracer in natural soil (S) and soil 

with an intercalated barrier of organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organo clays (S+ODTMA-SC and 

S+ODTMA-NSC), from BTCs generated by CXTFIT modelling using the equilibrium convection-dispersion approach. 

Treatment 
L±SD ρ±SD θ±SD vp±SDa D±SD λ±SDb R2 MSE 

cm g cm-3 cm3 cm-3 cm min-1 cm2 min-1 cm 
S 12.7±0.17 1.114±0.002 0.481±0.001 0.221±0.001 0.025±0.001c 0.113±0.003 0.99 1.5E-03 
S+GM 14.3±0.09 0.990±0.000 0.317±0.002 0.334±0.002 0.219±0.008ab 0.656±0.026 0.99 1.5E-03 

S+PW 15.0±0.06 0.943±0.001 0.433±0.004 0.245±0.002 0.052±0.002c 0.212±0.006 0.99 3.6E-03 

S+UW 14.0±0.01 1.011±0.010 0.303±0.004 0.350±0.005 0.268±0.012a 0.766±0.031 0.98 3.6E-03 

S+SS 13.9±0.21 1.021±0.011 0.350±0.019 0.304±0.017 0.185±0.033b 0.609±0.107 0.96 6.2E-03 

S+SMS 14.6±0.28 0.971±0.017 0.433±0.022 0.246±0.013 0.075±0.010c 0.305±0.033 0.99 2.2E-03 

S+ODTMA-SC 13.0±0.05 1.089±0.003 0.348±0.004 0.305±0.004 0.187±0.012b 0.613±0.044 0.99 1.2E-03 

S+ODTMA-NSC 13.0±0.13 1.089±0.003 0.353±0.002 0.301±0.002 0.181±0.007b 0.601±0.029 0.99 1.4E-03 
avp pore-water velocity calculated as vp=F/Aθ; bλ dispersivity calculated as λ= D/vp; D values in the same column followed with the 
same letter are not significantly different (LSD=0.079, p < 0.05) among the treatments 
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Table 4. Sorption parameters of herbicides in natural soil (S) and soil with an intercalated barrier 

of organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-SC and 

S+ODTMA-NSC), and estimated transport parameters for herbicides from BTCs generated by 

CXTFIT modelling using the non-equilibrium approach.

Treatment Ks-b
a

cm3 g-1 Rexpb β ω Rmodc Rexp/Rmod R2 MSE 

Ethofumesate      
S 0.42 1.975 0.589 1.057 1.699 1.16 0.942 1.2E-06 
S+GM 3.52 12.06 0.106 3.714 9.413 1.28 0.278 2.8E-07 
S+PW 3.46 8.606 0.129 3.215 7.731 1.11 0.654 8.4E-08 
S+UW 1.92 7.492 0.150 2.839 6.667 1.12 0.899 8.6E-08 
S+SS 2.06 6.700 0.183 3.795 5.461 1.23 0.574 3.5E-07 
S+SMS 2.68 7.332 0.228 2.188 4.383 1.67 0.930 1.0E-07 
S+ODTMA-SC 80.5 256.4 n.c. n.c. n.c. n.c. n.c. n.c. 
S+ODTMA-NSC 129 398.1 n.c. n.c. n.c. n.c. n.c. n.c. 
Terbutryn         
S 2.49 6.755 0.160 8.753 6.239 1.08 0.889 1.1E-07 
S+GM 59.8 186.6 n.c. n.c. n.c. n.c. n.c. n.c. 
S+PW 125 271.6 n.c. n.c. n.c. n.c. n.c. n.c. 
S+UW 8.42 28.73 0.010 13.72 98.45 0.29 0.910 3.6E-12 
S+SS 8.08 25.93 0.042 14.36 23.68 1.09 0.968 2.1E-09 
S+SMS 8.55 19.25 0.056 16.09 17.84 1.08 0.993 6.6E-10 
S+ODTMA-SC 39.7 123.7 0.011 10.21 92.62 1.34 0.723 1.8E-11 
S+ODTMA-NSC 54.8 169.1 n.c. n.c. n.c. n.c. n.c. n.c. 

aKs-b, linear distribution coefficients for the soil-barrier system determined according to Voudrias (2002); 
bRexp, experimental retardation factor calculated as Rexp=1+(Ks-b×/θ); cRmod, retardation factor 
determined by modelling; n.c., inverse modelling did not converge 
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Table 5. Leached, retained and total amounts of herbicides (% of applied) in natural 

soil columns (S) and in soil columns with an intercalated barrier of organic residues 

(S+GM, S+PW, S+UW, S+SS and S+SMS) or organoclays (S+ODTMA-SC and 

S+ODTMA-NSC). 

Treatment Leached Retained Total 

Ethofumesate     

S 96.0±0.22a 2.05±0.29d 98.1±0.27 

S+GM 73.3±0.06bc 29.0±1.40bc 102±0.77 

S+PW 65.7±2.46c 42.2±2.23b 107±0.39 

S+UW 80.6±2.03b 13.1±4.51cd 93.7±3.03 

S+SS 72.1±5.44bc 33.9±6.98b 106±3.58 

S+SMS 84.6±0.18ab 26.4±1.88bc 111±0.86 

S+ODTMA-SC 3.35±0.20d 96.7±0.51a 100±16.8 

S+ ODTMA-NSC 5.99±0.53d 100±2.17a 106±3.40 
LSD p < 0.05 12.56 18.22 

Terbutryn    

S 66.9±2.29a 11.6±2.77b 78.5±2.32 

S+GM 0.28±0.02c 102±4.54a 102±3.18 

S+PW 0.28±0.03c 93.8±14.2a 94.2±2.56 

S+UW 0.53±0.03c 94.5±6.57a 95.0±2.04 

S+SS 13.2±0.76b 98.3±2.65a 111±3.29 

S+SMS 13.8±0.51b 97.9±5.69a 108±3.41 

S+ODTMA-SC 1.11±0.09c 116±3.03a 117±5.63 

S+ ODTMA-NSC 0.79±0.07c 98.2±2.95a 99.0±3.81 
LSD p < 0.05 4.893 36.02 

Leached and retained amounts of herbicides are indicated as mean values ± standard 
deviation. Values in the same column followed with the same letter are not significantly 
different (p < 0.05) among the treatments  
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Fig. 1. Measured and simulated breakthrough curves corresponding to the leaching of 

chloride ion in columns of natural soil (S) and soil with an intercalated barrier of 
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organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-

SC and S+ODTMA-NSC). 

Fig. 2. Measured and simulated breakthrough curves corresponding to the leaching of 

ethofumesate in columns of natural soil (S) and soil with an intercalated barrier of 

organic residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-

SC and S+ODTMA-NSC). 
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Fig. 3. Measured and simulated breakthrough curves corresponding to the leaching of 

terbutryn in columns of natural soil (S) and soil with an intercalated barrier of organic 

residues (S+GM, S+PW, S+UW, S+SS, S+SMS) or organoclays (S+ODTMA-SC and 

S+ODTMA-NSC). 
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Highlights 

 Herbicide leaching was studied in soil columns with intercalated sorbent barriers  

 Effect of organoclays barriers was more relevant to decrease ethofumesate leaching 

 Both organic residues and organoclays barriers were effective for terbutryn retention 

 In the soil-barrier retardation increased in a higher degree for ethofumesate than for 

terbutryn 

 Leaching was well described by CXTFIT model for most of the treatments, but it failed 

with high sorption barriers  
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Model Description 

The CXTFIT 2.1 code was used to inversely determine the transport parameters 

of herbicides in the soil columns without or with barriers. This model permits the 

estimation of transport parameters of reactive and non-reactive solutes under 

equilibrium and non-equilibrium conditions from observed breakthrough curves, or the 

prediction of solute concentrations using the convective-dispersive equation (CDE) as 

transport model (Toride et al., 1999). The equilibrium model for one -dimensional non-

reactive solute transport assuming steady-state flow in a saturated and homogeneous 

porous medium was used to simulate the mobility of the chloride tracer.  

It can be expressed in dimensionless form by the following equation: 

         (eq. 1) 

where c is the solute concentration (mg L-1); t is time (h); vp is the pore-water velocity  

(cm min-1) described by the expression vp=F/Aθ (F is the volumetric water flux in cm3

min-1, A is the column cross-sectional area in cm2, and θ is the volumetric soil water 

content in cm3 cm-3); D is the dispersion coefficient (cm2 min-1) defined by the 

relationship D=λ×vp (λ is the dispersivity coefficient  in cm); and z is a dimensionless 

distance (cm cm-1) defined as z= x/L (x is  the distance down the column in cm, and L is 

the characteristic length  of the column in cm). 

The CDE two-site non-equilibrium model described for the dimensionless Eq. 2 

distinguishes between type-1 (equilibrium) and type-2 (first-order kinetic) sorption sites 

(Toride et al., 1999). This two-site model was simplified to a one-site assuming that 

only type-2 sites are present and this last was used to simulate the behaviour of 

ethofumesate and terbutryn in the soil columns. 

(eq. 2)
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where the subscripts 1 and 2 refer to equilibrium and non-equilibrium sites. For the 

CDE one-site non-equilibrium model, R is the retardation factor described by the 

equation R=1+(K×/θ) (K is the distribution coefficient for linear sorption in cm3 g-1, 

is the soil bulk density in g cm-3); β is the coefficient of partition between the 

equilibrium and non-equilibrium phases calculated as β=1/R; P is the Péclet number

defined by the expression P=vpL/D; ω is the mass transfer coefficient between the 

equilibrium and non-equilibrium phases described by the equation ω=α(R-1)L/vp (α is 

the first-order mass transfer coefficient governing the rate of solute exchange between 

both phases in h-1), µ is the first-order degradation coefficient (h-1) that was set to 0 due 

to the short time the experiment was carried out; the rest as described above.  
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Fig. S1. Sorption isotherms of ethofumesate and terbutryn by natural soil (S), organic 

residues (grape marc (GM), pine wastes (PW), urban wastes (UW), sewage sludge (SS), 

spent mushroom substrate (SMS)), and modified ODTMA-clays (ODTMA-SC and 

ODTMA-NSC clays). 
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Fig. S2. Amounts of ethofumesate and terbutryn retained in natural soil columns (S) 

and in soil columns with an intercalated barrier of organic residues (S+GM, S+PW, 

S+UW, S+SS and S+SMS) or organoclays (S+ODTMA-SC and S+ODTMA-NSC). 

Error bars represent the standard error of the mean value (n = 2). 


