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Abstract 11 

Agriculture is among the major contributors to soil and groundwater pollution, primarily through the 12 

widespread leaching of pesticides and fertilizers from crops, as well as accidental releases from point sources. 13 

Therefore, alongside restrictions on the use of highly soluble agrochemicals and enhanced application 14 

guidelines, there is a significant demand for low-impact and cost-effective solutions aimed at reducing the 15 

mobility of agrochemicals in the soils. This study evaluates the potential of soil amendments—commonly 16 

used to enhance soil structural properties, water holding capacity, and fertility—to also absorb highly soluble 17 

pesticides, thereby controlling their leaching into the subsoil. Specifically, zeolite, biochar, and milled corncob 18 

were examined in laboratory tests under static (batch tests) and dynamic (column leaching tests) conditions 19 

to assess their effectiveness in adsorbing two widely used pesticides, copper sulphate and dicamba. Batch 20 

adsorption tests were performed using the amendments as pure materials and in mixtures with sand at 21 

various application rates (1 to 20% by weight). The highest affinity to copper sulphate was recorded for 22 

biochar, while dicamba exhibited a higher affinity to corncob, thanks to its higher content of organic carbon. 23 

Column leaching tests, performed at an amendment application rate of 5%, confirmed the different affinity 24 

observed in batch tests among pesticides and amended soil. Less than 2% of copper sulphate leached out 25 

from biochar- and zeolite-sand columns, while a recovery of 10% and 56% was observed for the corncob-26 

sand mixture and for pure sand, respectively. Dicamba leaching from biochar- and corncob-sand columns 27 

was halved compared to pure sand. In conclusion, the tested soil amendments resulted highly effective in 28 

reducing pesticide leaching, opening the way for their possible applications in agriculture to reduce or 29 

prevent both diffuse and punctual contamination. 30 

  31 
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Introduction 39 

Preserving the high quality of surface water and groundwater represents a current global challenge. 40 

Agriculture, along with urban and industrial activities, is among the major pollution sources (Sethi and Di 41 

Molfetta, 2019), including both diffuse emissions associated with excessive load of nutrients (in particular 42 

phosphorus and nitrogen), pesticides and pharmaceuticals (Dordio and Carvalho, 2013), and accidental spills 43 

at well-localized contamination roots (e.g. storage vessels or sprayer tanks, parking or loading areas, etc.) 44 

(Ritter, 1988). Several technologies are currently available to manage point source releases and treat 45 

collected streams of contaminated water, similar to those applied to industrial or civil effluents. Conversely, 46 

controlling contaminant spread from diffuse sources is an intrinsically challenging target. To this aim, soil 47 

amendments, in particular processed or raw agricultural waste (e.g. sawdust, mowing, biochar, etc.) and 48 

minerals (e.g. zeolites) show good potential (Ahmad et al., 2014; Sud et al., 2008). Their effectiveness in 49 

adsorbing and/or immobilizing organic and inorganic contaminants is already exploited in industrial 50 

wastewater treatments and remediation of contaminated soils and sediments (Cao et al., 2011; Ghosh et al., 51 

2011). Conversely, in the agricultural sector, their primary use is currently as soil quality improvers, to 52 

increase soil water retention capacity and control fertilizer release to plants (Diacono and Montemurro, 53 

2010). Surprisingly, little attention has been devoted so far to their potential interactions with pesticides, and 54 

more in general to limit contaminant release from agricultural sources (Kookana et al., 2011). Among the 55 

limited literature available on this topic, notable findings include the biochar capacity to increase glyphosate 56 

adsorption (with a partition coefficient 33% higher in biochar-amended soil than in untreated soil) (Kumari 57 

et al., 2016) and the ability of Ca-hydroxide, Ca-bentonite, and natural zeolites to significantly increase the 58 

copper immobilization compared to control soil (Lahori et al., 2017). Moreover, the leaching potential of 59 

fipronil, a broad spectrum insecticide, was reduced by 97% in in coarse sand amended with cereal straw, 60 

compared to the unamended soil (Joshi et al., 2016). In this framework, this study intends to advance 61 

knowledge on the role of soil amendments in controlling leaching of soluble agrochemicals. 62 

Among adsorbents derived from agricultural waste, biochar, produced through pyrolysis of plant residues, is 63 

the most known and used soil amendment. Its porous structure and surface properties render it an effective, 64 
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low cost material for removal of both organic (Tong et al., 2019) and inorganic compounds (Liu et al., 2022). 65 

Similar advantages could be obtained also with mineral amendments like zeolites, whose exploitation in 66 

agriculture increased in the last two decades (Mondal et al., 2021). Zeolites, sometimes after surface 67 

modification, are often used in industrial wastewater treatments in deep bed filtration, and as soil 68 

amendments for nutrients adsorption and controlled release (Ferretti et al., 2020; Wang and Wang, 2022). 69 

However, only a few studies investigated their adsorption capacity toward agricultural contaminants such as 70 

pesticides (Cataldo et al., 2021). 71 

Despite the good performance of biochar and zeolites as adsorbents, their production processes (either 72 

biochar pyrolysis or zeolite mining), milling and surface functionalization require non negligible energy input. 73 

Consequently, in the name of a higher sustainability, perspective soil amendments produced from 74 

agricultural waste with minimal energy demand would be highly desired. Milled corncob, with its large 75 

availability and highly porous structure, is a promising option. It is currently exploited mainly for its high 76 

energy content and as a source for biochar production, but to the authors’ knowledge no previous study is 77 

available on the efficacy of unprocessed corncob as an adsorbent. For this reason, it has been selected along 78 

with biochar and zeolite to be investigated in this study. 79 

Copper sulphate and dicamba, both characterized by high solubility and thus leaching potential, were studied 80 

in this work as representative of, respectively, inorganic and organic pesticides. Copper, broadly used as 81 

fungicide in organic agriculture, is among the priority pollutants categorized by USEPA. Copper leaching is 82 

influenced by the precipitation intensity and duration, the chemistry of infiltrating water (ionic strength, pH), 83 

and the presence and dynamics of dissolved organic matter (DOM), which has a high affinity with copper 84 

(Aldrich et al., 2002). High infiltration was reported in sandy soils, with 47.9% of copper leaching from 85 

columns spiked with 600 mg kg−1 of Cu (Bakshi et al., 2014). Dicamba, an herbicide targeting broadleaf weeds 86 

in crops like maize and sorghum, is highly soluble in water, with consequent high leaching potential (Granetto 87 

et al., 2022). Its use in conjunction with 2,4-D has increased in USA since 2002 in response to the notable rise 88 

in the number of herbicide-resistant weed biotypes (Hoy et al., 2015). Moreover, the introduction of 89 



6 
 

dicamba-resistant crops, such as soybeans and cotton, in Brazil (CTNBio, 2023) and other parts of the world, 90 

suggests an overall increase in the application of this herbicide in the next years (Aguiar et al., 2023). 91 

This research presents laboratory studies on the potentiality of soil amendments in limiting the leaching of 92 

soluble pesticides in static (batch tests) and dynamic conditions (column leaching tests), elucidating the 93 

dependence of adsorption mechanisms and removal efficiency on morphology, composition and physical-94 

chemical properties and application ratio of the amendments. Despite the laboratory scale of the study, a 95 

few preliminary conclusions were drawn in view of a full-scale application of the studied amendments for 96 

pesticide immobilization.  97 

 98 

 99 

Materials and methods 100 

Materials 101 

Three natural amendments were supplied by local producers, including biochar (Ronda Engineering; nominal 102 

size < 5mm; source: pyrolysis at 700 °C of untreated woodworking waste), zeolite (Zeocel Italia; nominal size: 103 

0.6-2mm; nominal composition: 70±5% chabazite, 2±1 % phillipsite, 5±2% sanidine, 3±1% augite, 2±1% illite), 104 

and corncob (Agrindustria; nominal size: 50% 180-610µm and 50% 610-850µm; source: fibrous part of the 105 

corn ear after extraction, drying and milling).  106 

Silica sand (Dorsilit 8, Dorfner, Germany; d10, d50 and d90 equal respectively to 0.415, 0.45 and 0.5 mm) was 107 

used to mimic the soil structure, as pure material or mixed with the amendments. The cleaning procedure is 108 

detailed in Beryani et al (2022). The following chemicals were used: copper sulphate pentahydrate 109 

CuSO4*5H2O (Scharlab, Spain, purity > 99.5%), dicamba (Alfa Chemistry, US, purity > 99.5%), citric acid (Chem 110 

Lab, Belgium, purity > 99.5%), trisodium citrate dehydrate (Supelco, ACS grade), Zincon (Alfa Aesar), HCl 111 

(Merck EMSURE, ACS grade) and NaOH (Honeywell Fluka, ACS grade). 112 
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 113 

Characterization of the amendments and amendment-sand mixtures 114 

Zeolite and biochar samples were hand-crushed in a ceramic mortar prior use and sieved to discard the 115 

fraction larger than 2mm. Corncob was not further milled since already provided in adequate size by the 116 

producer. Particle size distribution (PSD) was measured via dry sieving for all samples. Particle shape and 117 

elemental chemical composition were investigated using SEM-EDS microscopy (JEOL, Japan). To this aim, air-118 

dried samples were deposited on a stub using carbon (zeolite) or aluminium (biochar and corncob) tape, to 119 

avoid interferences of the tape composition with EDS elemental peaks. Powder X-Ray diffraction (Rigaku 120 

SmartLab SE) was performed on grounded samples using a CuKα radiation source (λ = 1.54 Å) operating at 121 

40 kV and 30 Ma with scan range 5°-90° and scan step of 0.01°. Particle density was determined applying a 122 

modified liquid pycnometer (BLAUBRAND, type Gay-Lussac, volume of 50cm3, calibrated according to DIN 123 

ISO3507) method proposed by Heiskanen (Heiskanen, 1992).  124 

The three amendments where then added separately to the sand at different application rates (1–2–5–10–125 

20% mass fraction) and hand-mixed up to complete homogenization. Bulk density, water holding capacity, 126 

pH and salt content of pure amendments, pure sand and of the mixtures were determined according to the 127 

European Biochar Certificate (EBC) guidelines for sustainable biochar production (Schmidt, 2015). Further 128 

details are provided in paragraph 1 in Supporting Information. 129 

 130 

Batch adsorption tests 131 

Adsorption tests were performed in 50 ml sealed glass vials, prepared by adding 2.5 g of solid material (pure 132 

sand, pure amendment or a mixture of the two) to 25 ml of pesticide solution ranging 124 to 624 mg/l for 133 

copper sulphate and 250 to 1500 mg/l for dicamba, corresponding to the application ranges commonly used 134 

in agriculture for the two compounds. For each pesticide, six different initial concentrations were tested in 135 

the respective range. The vials were continuously mixed with an overhead shaker (Rotax 6.8, Velp Scientifica, 136 

Italy) at 15 rpm for 24 hours to ensure equilibrium between liquid and solid phases. The contact time was 137 



8 
 

selected based on kinetic adsorption tests, performed using the same experimental procedure at the 138 

maximum concentration of the two pesticides in contact with the pure amendments (results reported in 139 

paragraph 2 in Supporting Information). After 24 h, the samples were centrifuged at 6000 rpm for 20 mins 140 

(Neya 16 centrifuge, REMI, India) and filtered with a PTFE syringe filter with 0.45 m mesh to remove 141 

suspended colloids. The supernatants were then analysed for residual copper or dicamba concentrations: a 142 

colorimetric method, described in paragraph 3 in Supporting Information, was adapted from Ghasemi et al. 143 

(2003) for copper, while dicamba was directly measured with Uv-VIS spectrophotometer (Specord S600, 144 

Analytic Jena, Germany) at 280.5 nm (Figure S3-3). Given the concentration in liquid phase and the liquid 145 

volume, the concentration in solid phase was calculated through mass balance. 146 

The experimental results were modelled with Freundlich and Langmuir isotherms. The Freundlich model, 147 

suitable for adsorption on heterogeneous surfaces (Vadivelan and Kumar, 2005), was expressed as 148 

𝑠𝑒𝑞 = 𝐾𝑓𝐶𝑒
1/𝑛           (eq. 1) 149 

where 𝑠𝑒𝑞 is the adsorbed concentration [-] in equilibrium with the liquid concentration 𝐶𝑒  [ML-3], 𝐾𝑓 is the 150 

adsorption capacity [M-1/nL3/n] and 1/𝑛 is the Freundlich constant [-], being 1/𝑛 < 0.1 for strongly favourable 151 

adsorption, 0.1 < 1/𝑛 < 0.5 for favourable adsorption, 1/𝑛 > 0.5 for unfavourable adsorption.  152 

The Langmuir model, suitable to describe monolayer adsorption (Liu, 2006), was expressed as 153 

𝑠𝑒𝑞 =  
𝑞𝑚𝑎𝑥𝐿𝐶𝑒 

1+ 𝐿𝐶𝑒 
          (eq. 2) 154 

where 𝑞𝑚𝑎𝑥 is the maximum adsorption capacity [-] and 𝐿 the Langmuir adsorption coefficient [L3M-1].  155 

In order to shade further light on adsorption mechanisms, the zeta potential of biochar, zeolite and corncob 156 

diluted to 1 g/l in 3 mM NaCl solution was measured at varying pH (modified by dropwise addition of 50 mM 157 

HCl or NaOH) using Dynamic Light Scattering (Malvern, Zetasizer NANO ZSP). 158 

 159 

 160 
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Column leaching tests 161 

Copper and dicamba leaching tests were performed in glass columns (inner diameter 4.1 cm) packed 162 

with 320 g of dry sand or of a sand-amendment mixture at 5% application rate. For the mixtures, 16 g of 163 

water were added prior packing to allow a slight cohesion between sand and amendment, thus avoiding 164 

layering of the two materials during column filling. Column preparation included the following steps: (i) the 165 

wet mixture was introduced in small amounts (~20 g) and compacted with a pestle layer by layer; (ii) upward 166 

flow (0.2 ml/min) was established until complete saturation; (iii) the column length (~18 cm) was measured, 167 

and the column weighted for saturated water content determination. The columns were then left draining 168 

by gravity until field capacity was reached. Unsaturated downward flow (0.4 ml/min, corresponding to an 169 

infiltration rate of 0.028 cm/min) was then established. A tracer test was performed injecting KBr at constant 170 

concentration and the breakthrough electrical conductivity curve was recorded. The unsaturated water 171 

content, unsaturated pore volume (PV) time, saturated hydraulic conductivity, and dispersivity were 172 

determined via least-squares fitting of the breakthrough curve (BTC) to the classical advection-dispersion 173 

equation in unsaturated porous media (paragraph 4 in SI) using Hydrus 1D (Simunek et al., 2013). 174 

After the tracer test, a copper sulphate or dicamba solution (depending on the test) was injected for at least 175 

7.5 h at constant concentration of 624 mg/l or 1500 mg/l, respectively, followed by a flushing with deionized 176 

water for 7.5 h. The column outflow was collected using a fraction collector and samples analysed for copper 177 

and dicamba with the same methods used for adsorption tests. 178 

At the end of the tests, the columns were extruded and dissected to determine copper and dicamba profiles. 179 

Copper was extracted from the solid by using a modified version of the sequential extraction method 180 

proposed by Silveira (Silveira et al., 2006), including the following steps: (i) addition of 0.1 M CaCl2 and mixing 181 

for 24h to promote ion exchange, (ii) addition of 1M NaOAc (Carlo Erba, purity > 99%) and mixing for 5h for 182 

the extraction of Cu(II) adsorbed on grain surface, and (iii) addition of NaOCl (Carlo Erba, solution at 30%) at 183 

90°C for 2h to promote release from the organic matter. Cu precipitated in oxide/hydroxide form is expected 184 

not to be recovered. Dicamba was extracted in one step using acetonitrile:CaCl2 10 mM 70:30 w/w with 185 

continuous mixing for 24h. All suspensions were centrifuged at 6000 rpm for 20 min before the analysis. 186 
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Copper and dicamba BTCs were modelled with Hydrus 1D (Simunek et al., 2012) using a two-site 187 

adsorption equilibrium model, having one site characterized by instantaneous adsorption (eq. 4) and the 188 

other one by kinetic adsorption (eq. 5 and 6): 189 

𝜕𝜃𝑐

𝜕𝑡
+ 𝜌

𝜕𝑠𝑒

𝜕𝑡
+ 𝜌

𝜕𝑠𝑘

𝜕𝑡
=

𝜕

𝜕𝑧
(𝜃𝐷𝜌

𝜕𝑐

𝜕𝑧
) −

𝜕𝑞𝑐

𝜕𝑧
− 𝜑        (eq. 3) 190 

𝑠𝑒 = 𝑓𝑒𝐹(𝑐)            (eq. 4) 191 

𝜌
𝜕𝑠𝑘

𝜕𝑡
= 𝛼𝑘𝜌(𝑠𝑒

𝑘 − 𝑠𝑘) − 𝜑𝑘          (eq. 5) 192 

𝑠𝑒
𝑘 = (1 − 𝑓𝑒)𝐾𝑑𝑐           (eq. 6) 193 

where 𝑠𝑒  is the solute concentration adsorbed on the instantaneous (equilibrium) adsorption site expressed 194 

as mass of adsorbed solute per unit mass of solid [-], 𝐹(𝑐) is the corresponding adsorption isotherm (linear, 195 

Langmuir, etc.), 𝑓𝑒 is the fraction of exchangeable sites in equilibrium with the liquid phase [-],  𝑠𝑘  is the 196 

concentration adsorbed on the kinetic (non-equilibrium) adsorption site [-] and 𝑠𝑒
𝑘  is the corresponding 197 

adsorbed concentration at equilibrium for the kinetic adsorption site -] expressed by the linear isotherm of 198 

eq. 6, 𝛼𝑘 is the first order rate constant of the kinetic site [T-1], Kd is the partition coefficient for the kinetic 199 

site [L3M-1], 𝜑 and 𝜑𝑘 are the sink/source terms accounting for generic reactions [ML-3T-1]. The total adsorbed 200 

concentration is s = se + sk. 201 

 202 

Results and discussion 203 

Characterization of the amendments and amendment-sand mixtures 204 

The milled biochar showed a highly heterogeneous morphology (Figure 1a), with larger particles exhibiting a 205 

highly intra-porous structure, and smaller ones characterized by an elongated, flat shape. The PSD analysis 206 

indicated d10, d50 and d90 equal to 0.15, 0.7 and 1.9 mm respectively (Figure S5-1). The XRD pattern (Figure 207 

1b) showed the typical biochar composition, including mainly aromatic hydrocarbons and graphite-like 208 

carbon structures (Gao et al., 2020). The humped trend in the region 15°< < 30° is due to the amorphous 209 
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carbonaceous structure resulting from pinewood pyrolysis. The high peak at 26.5° can be associated with 210 

pyrolysis of inorganic impurities, mainly graphite (Mohan et al., 2018), while additional peaks at 29°, 36°, 39°, 211 

44° and 48° can be associated with superficial Ca-based compounds such as CaCO3 and CaO (Tran et al., 2015; 212 

Waqas et al., 2021). 213 

Hand-milled zeolite showed a distinctly cubic shape, with well-defined angles and smoothed faces due to 214 

mechanical crushing (Figure 1c), and particle size lower than 1 mm (d10, d50 and d90 respectively equal to 0.07, 215 

0.4 and 0.9 mm, Figure S5-2). The XRD pattern (Figure 1d) was consistent with that of Ca-chabazite type 216 

zeolite, characterized by a stronger diffraction response at <15° compared to K-chabazite, as reported 217 

by previous crystallographic studies (Leyva-Ramos et al., 2008). This is confirmed by EDS results (Figure S5-218 

4), reporting the presence of Ca (3.2% on average). Peaks in the XRD spectrum other than those characteristic 219 

of chabazite were identified at  = 23.3° - 30.4°. A good agreement was found with sanidine at 23.3°, 220 

27.5°, 27.9° and 29.7°, with illite at 29.9° and 34.14° and with augite at 27.5°, 39.7°, 30.4° and 35.5°, 221 

coherently with the nominal sample composition and with previous studies (Ramos et al., 2015).  222 

Corncob (not further milled) showed a higher heterogeneity and irregularity in terms of both PSD (d10, d50 223 

and d90 equal to 0.2, 0.55 and 0.85 mm, Figure S5-3) and morphology compared to biochar and zeolite. The 224 

SEM analysis (Figure 1e) identified the presence of elongated particles interspersed with more compact, 225 

jagged ones. The first ones could be attributed to the central pitch part of corncob, the latter to the external 226 

glume and wood ring. The XRD pattern (Figure 1f) denoted a highly amorphous lignocellulose material (in 227 

particular alfacellulose) identified by two peaks at  = 16° and 22°  (Menezes et al., 2017). Crystalline 228 

peaks at 36° and 44° could be traced back to Ca-containing impurities on corncob surface.  229 

Figure 2 reports the results of the sand-amendment mixture characterization (bulk density, water holding 230 

capacity, electrical conductivity and pH) obtained following the EBC guidelines for sustainable biochar 231 

production. The grain density, measured with a liquid pycnometer, resulted in the following trend: sand (2.6 232 

g/cm3) > zeolite (2.35 g/cm3) > biochar (1.6 g/cm3) > corncob (1.52 g/cm3). The amendment addition to the 233 

sand significantly affected the bulk density of columns dry-packed with the mixtures (Figure 2a), which 234 
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decreased linearly from 1.53 g/cm3 for pure sand with increasing amendment application ratio, reaching 235 

1.33, 1.07 and 0.81 g/cm3 for 20% application rates of zeolite, corncob and biochar, respectively. The highest 236 

bulk density reduction (45.3%) was obtained with biochar, even though the lowest grain density was 237 

measured for corncob, suggesting that the bulk density of the mixtures was not a mere weighted mean of 238 

the densities of sand and amendment but, rather, was significantly affected by the amendment particle 239 

shape. The theoretical porosity corresponding to the measured bulk density (Figure S5-5) increased from 240 

0.41 for pure sand to 0.48, 0.52 and 0.66 for zeolite, corncob and biochar, respectively, at 20% application 241 

rate, thus confirming the beneficial effect of amendments (and in particular of biochar and corncob) in terms 242 

of reduced bulk density and increased porosity, and consequently reduced soil compaction, higher aeration 243 

and potentially lower risk for soil erosion. 244 

The water holding capacity (WHC) increased with increasing the amendment application rates (Figure 2b), 245 

and the general observed WHC trend was corncob>biochar>zeolite. At the highest application rates (20%), 246 

WHC of 0.34, 0.54 and 0.55 g/g were measured respectively for zeolite-, corncob- and biochar-sand mixtures, 247 

corresponding to a WHC increase of 72%, 172% and 177% compared to pure sand. For biochar, both intra-248 

porosity, inter-porosity and the highly irregular surface morphology are expected to have positively affected 249 

the biochar-sand mixture WHC (Liu et al., 2017; Verheijen et al., 2019). Similar considerations could be drawn 250 

for corncob-sand mixtures, even though no previous literature is available on the characterization of 251 

unprocessed corncob as soil amendment. Conversely, the (limited) effect of zeolite on the WHC of the 252 

mixtures is mainly attributable to a decrease in particle size, and consequently increase in capillary water 253 

retention (Ibrahim and Alghamdi, 2021). 254 

The water electrical conductivity of the pure amendments in contact with water was equal to 29, 165 and 255 

1015 μS/cm for zeolite, biochar and corncob, respectively. The conductivity of the amendment-sand mixtures 256 

increased significantly with increasing the amendment application rates, except for zeolite-containing 257 

samples, which did not show any significant trend (Figure 2c). Conversely, the high conductivity of pure 258 

biochar and corncob denoted a high propensity to free and exchange ions in solution. It is worth to mention 259 

that higher values of conductivity, and so salt content, could lead both to a higher potential for ions exchange 260 



13 
 

and ionic species adsorption, but also to a reduced germinability and damage to crop due to induced salt 261 

stress (Buss et al., 2016).  262 

The pH value of the pure materials in contact with water was 7.5, 8.4, 6.7 and 4.7 for sand, biochar, zeolite 263 

and corncob, respectively. Coherently, the mixtures showed slightly alkaline pH for biochar, nearly neutral 264 

for zeolite and acidic for corncob (Figure 2d). The biochar-sand mixture pH was close to pure biochar pH at 265 

all application rates, suggesting that biochar is able to buffer sand, contrary to corncob and zeolite, which 266 

showed decreasing pH with increasing application rates. 267 

 268 

Adsorption tests 269 

Copper sulphate 270 

The copper sulphate adsorption isotherms for the mixtures are reported in Figure 3a-c as adsorbed 271 

concentration seq  (i.e. adsorbed CuSO4 mass over the total mass of adsorbent, i.e. sand + amendment) against 272 

CuSO4 residual concentration in liquid phase at equilibrium. Adsorption on pure sand was minimal compared 273 

to the mixtures. The adsorption capacity followed the trend biochar>zeolite>corncob. Biochar isotherms 274 

showed a trend toward saturation (Figure 3a) for application rates lower than 5%. For rates higher than 10% 275 

the same trend can be hypothesized, even though the plateau was not reached since the tests were 276 

performed exploring the environmentally-relevant range of CuSO4 concentrations. A similar saturative trend 277 

was shown by zeolite-sand mixtures (Figure 3b) but not by corncob-amended sand (Figure 3c). 278 

The experimental isotherms were least-squares fitted to the Langmuir and Freundlich models. The model 279 

parameters are reported in Supporting Information in Table S6-1 and their trends as a function of the 280 

amendment application rates  are reported in Figure 4. As a general rule, both models resulted in very high 281 

R2 values for most isotherms, with a few exceptions. A slightly better fitting with the Langmuir model 282 

compared to Freundlich (see R2 values) suggests a monolayer adsorption mechanism on a homogeneous 283 

adsorbent surface, coherently with other studies on CuSO4 interaction with various adsorbents (Wang et al., 284 

2012; Zand and Abyaneh, 2020). 285 
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Biochar showed a general better fitting with the Langmuir model compared to the Freundlich one, 286 

particularly for rates<20%.  Adsorption was unfavourable (1/n0.5) for biochar rates20%, and favourable 287 

(1/n<0.5) for rates<10% (Figure 4a). Conversely, the Freundlich adsorption coefficient Kf showed a bimodal 288 

trend in the range 0.09 to 0.74 g l1/n with a peak at application rate of 5% (Figure 4b). Increasing qmax with 289 

increasing application rate was also observed (Figure 4c). Zeolite showed a very good fitting for both 290 

Freundlich and Langmuir isotherms for application rates from 1% to 20%, with slightly higher R2 values for 291 

the Freundlich model at medium-to-high application rates, and particularly for rates>5%. The fitted values of 292 

1/n increased with increasing application rates in the range 0.15-0.3, thus suggesting that copper adsorption 293 

on zeolite is a favourable process (Figure 4a). As for corncob, the Langmuir model showed a general better 294 

fitting compared to the Freundlich one, with saturation concentration qmax significantly lower than those 295 

obtained for biochar (Figure 4c).  296 

To further investigate the adsorption capacity and mechanisms, the isotherms were reported also in terms 297 

of adsorbed CuSO4 normalized to the mass of amendment (i.e. excluding sand), seq,norm, calculated as 298 

𝑠𝑒𝑞,𝑛𝑜𝑟𝑚 =  
𝑠𝑒𝑞 − 𝑠𝑒𝑞,𝐴𝑅=0%(1 − 𝐴𝑅) 

𝐴𝑅 
 299 

where seq,AR=0% is the adsorbed concentration measured in the absence of amendment (i.e. when sand is the 300 

only solid in the batch). An unexpected trend of the results was obtained (Figures 3d-f): with decreasing 301 

application rates, 𝑠𝑒𝑞,𝑛𝑜𝑟𝑚increased for all tested materials. This suggests that adsorption is more efficient 302 

in the presence of a low adsorbent content in the solid fraction, even though the adsorption on sand grains 303 

is minimal. 304 

In general, the main expected mechanisms of CuSO4 removal from water include surface adsorption (due to 305 

electrostatic attraction and ion exchange), and precipitation of Cu oxides and hydroxides at favourable 306 

hydrochemical conditions (Tan et al., 2015; Zhao et al., 2020). For both mechanisms, pH plays a key role. The 307 

pH was acidic in all our tests due to the presence of CuSO4 in solution, and was slightly affected by the 308 

amendment application rates (Figure S6-1): in particular, pH was close to 5 for pure sand and increased with 309 

increasing both zeolite and biochar application rate toward plateau values of approximately 6 and 7, 310 
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respectively, but decreased toward approximately 4.5 for corncob-sand mixtures (coherently with the more 311 

acidic pH of corncob). Concerning copper precipitation, Jiang at al. (Jiang et al., 2016) indicate that, for acidic 312 

CuSO4 solutions in contact with biochar, the formation of insoluble Cu(OH)2 is expected starting from pH 313 

above 6. Thus, the pH values of our tests would explain the limited Cu removal observed for pure sand and 314 

corncob (Figure 3f), and the higher one for zeolite and biochar (Figures 3d and 3e), even though the pH values 315 

measured for zeolite- and biochar-sand mixtures are not high enough to suggest a predominance of 316 

precipitation as removal mechanism. The pH influences the surface charge of the adsorbent and thus the 317 

surface adsorption due to electrostatic attraction toward dissolved copper ions. Zeta potential, which can be 318 

used as an indirect measurement of surface charge, was negative for all amendments in our tests (Figure S5-319 

6), and decreased with increasing pH, suggesting a higher affinity of the amendments to the copper cations 320 

at higher pH. Again this trend would explain the corncob isotherms but not those obtained for zeolite and 321 

biochar. Consequently, other properties controlling surface adsorption are likely to play the major role in our 322 

tests. Among them, the specific surface area of the amendment is likely the parameter controlling adsorption 323 

capacity. It was observed that during the adsorption experiments the particle size of the amendment was 324 

reduced: optical microscope analysis of corncob particles before and after the adsorption tests evidenced a 325 

clear decrease in size (Figure S6-2 in Supporting Information); particle size distributions obtained via image 326 

processing (ImageJ, National Institutes of Health, US) showed that the difference is more pronounced at low 327 

application rate (5%) and negligible at the highest application rate (20%) (Figure S6-3). This can be explained 328 

by sand acting as ball milling, thus reducing amendment particle size during mixing with the overhead shaker 329 

(Shan et al., 2016): the higher the sand content in the sample, the more effective the milling. Higher copper 330 

loading potential at decreasing particle size was also reported previously for biochar, and was attributed to 331 

a larger surface area available and easier accessibility to pores for finer adsorbents (Zou et al., 2006).  332 

 333 

Dicamba 334 

The dicamba adsorption isotherms (Figure 5) show a higher overall adsorption capacity for corncob 335 

and biochar, followed by zeolite. For all tested materials, the removal efficiency increased with increasing 336 
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application rate, similarly to what observed for CuSO4. The contribution of sand to dicamba adsorption is 337 

minor, even though not negligible, compared to the three amendments (see black dotted isotherms in Figure 338 

5). For biochar- and corncob-sand mixtures (Figures 5a and 5c), the isotherms showed an asymptotic trend 339 

toward a saturation concentration for rates<10% and <5%, respectively. The saturative trend is further 340 

evidenced when the isotherms are normalized to the mass of amendment (Figure 5d and f). Conversely, 341 

zeolite isotherms were distinctly linear at all tested application rates, without any evident saturative 342 

behaviour (Figures 5b and e). It is worth observing that the removal efficiency of pure zeolite is lower than 343 

the other two pure amendments, but for low application rates (up to 2%) the removal efficiency of zeolite-344 

sand mixtures (Figure 5b) was comparable to or higher than the others. This is reflected by remarkably higher 345 

normalized isotherms for zeolite at low application rates (Figure 5e). 346 

The overall increasing adsorption efficiency of the adsorbents with decreasing application rates, as 347 

evidenced in Figures 5d-f, is in line with the results obtained for CuSO4, and confirms the key role of sand-348 

mediated milling of the amendments in increasing the sorption efficiency in batch tests. However, the effect 349 

of comminution alone is not sufficient to explain all the results reported in Figures 5d-f, and in particular the 350 

overall reduced adsorption efficiency of biochar compared to corncob and zeolite. A key role in this sense is 351 

likely played by pH: dicamba in solution exhibits an acidic behaviour (Azejjel et al., 2008), with pKa equal to 352 

1.98 (Carrizosa et al., 2001). The dissociated dicamba molecule assumes a negative charge, that contrasts 353 

with the negative surface charge of zeolite/biochar/corncob. Thus, the dicamba adsorption is favoured when 354 

the compound is present in its molecular form, rather than when dissociated, and consequently at strongly 355 

acidic pH. Figure S6-4 in Supporting Information reports the trends for the pH measured in batch tests as a 356 

function of amendment application rates. For pure sand, the sample pH was 2.8, close to pKa. For all 357 

amendments, the pH increased with increasing application rate. As for biochar, pH rapidly approached 358 

neutrality for application rates higher than 5%, corresponding to a predominantly dissociated form of 359 

dicamba and thus to a lower affinity of the molecule to the amendment. Correspondingly, biochar exhibited 360 

the lowest normalized isotherms among the three tested materials (Figure 5d). For zeolite and corncob, the 361 

pH remained close to 3 for application rates lower than 5%. Correspondingly, the normalized isotherms of 362 
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Figures 5e and f showed higher adsorbed concentrations at low application rates compared to biochar. This 363 

finding suggests that, along with the optimal adsorbent milling obtained at low application rates, also pH 364 

played a fundamental role in controlling dicamba adsorption potential. 365 

The modelling of dicamba isotherms with Langmuir and Freundlich equations (coefficients in Table 366 

S6-2 in Supporting Information, trends with application rates in Figure 6) showed a good fitting for both 367 

models and for all the three materials, with slightly higher R2 values for the Langmuir model. For all zeolite-368 

sand mixtures, linear adsorption was confirmed, being always 1/n>1 (Figure 6a). The Freundlich adsorption 369 

coefficient Kf slightly decreased for biochar- and corncob-sand mixtures, and increased for zeolite-sand 370 

mixtures, with increasing application rate (Figure 6b). Corncob and biochar showed 1/n<1, increasing toward 371 

the unit with increasing application rates, thus suggesting adsorption of pseudo-linear type.  372 

 373 

Leaching tests 374 

Column hydrodynamic characterization 375 

The hydrodynamic parameters of the columns in leaching tests in unsaturated conditions are reported in 376 

Table 1. A higher water content θ for the biochar-sand column compared to others was expected according 377 

to the higher amendment WHC, higher biochar porosity and heterogeneous particle structure. The saturated 378 

hydraulic conductivity Ks was higher for pure sand and decreased progressively for corncob-, zeolite-, and 379 

biochar-sand mixtures, in accordance with previous literature  (Sarabi and Sepaskhah, 2012; Yan et al., 2021). 380 

Conversely, the hydrodynamic dispersivity  was similar in all tests. 381 

 382 

Copper sulphate leaching tests 383 

Figure 7a reports the breakthrough curves of copper sulphate in the four columns as a function of the injected 384 

unsaturated pore volumes (PVs). In general, the ability of the amendment-sand mixture to retain CuSO4 385 

followed the order sand < corncob-sand < zeolite-sand / biochar-sand mixtures. In pure sand, a relevant delay 386 
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in the breakthrough of CuSO4 was observed, with C/C0>0 after 1.5 PVs, suggesting the occurrence of 387 

reversible equilibrium adsorption. A fairy constant concentration C/C0 ~ 0.9 was then measured for the entire 388 

duration of the injection step, indicating the occurrence, in parallel, of reversible equilibrium adsorption and 389 

kinetic irreversible adsorption or of precipitation. For zeolite and biochar, an almost null breakthrough was 390 

observed, with no CuSO4 release even during post-flushing with deionized water, thus suggesting that CuSO4 391 

was irreversibly adsorbed and/or precipitated in the tested hydrochemical conditions. Negligible 392 

breakthrough was observed also for the sand-corncob column for 4.5 PVs, followed by a limited 393 

breakthrough. However, during flushing a significant desorption occurred, indicating in this case a weaker 394 

and partly reversible interaction between Cu and corncob. 395 

Relevant additional information can be obtained from the profiles of retained concentration of CuSO4, 396 

obtained dissecting the columns at the end of the leaching tests (Figure 7b). An almost constant copper 397 

concentration was detected along the vertical direction in pure sand (~0.09 mg/g) and for the corncob-sand 398 

mixture (~0.29 mg/g, except for the deepest 4 cm). It is worth noticing that in both tests a non-negligible 399 

copper breakthrough concentration was measured at the end of injection, thus suggesting the two columns 400 

reached saturation along the entire column (for sand) or at least in its upper part (for the corncob-sand 401 

mixture). Conversely, a different profile shape was observed for zeolite- and biochar-sand mixtures: in both 402 

cases, a higher Cu concentration was retained in the first 6 cm and negligible concentrations in the deepest 403 

part of the column, thus suggesting that biochar and zeolite have a much higher sorption capacity and column 404 

saturation was not reached during the test. 405 

A closer analysis of the percentage of Cu recovered in each step of the sequential extraction method (aimed 406 

at recovering Cu aliquots retained due to different phenomena) provides additional information on the 407 

retention mechanisms (Figure S7-1 in Supporting Information). In all tests, the highest recovery was obtained 408 

in the first extraction step, aimed at promoting Cu(II) release via ion exchange. This predominance is 409 

particularly evident for corncob and biochar, confirming the higher ion exchange capacity of these 410 

amendments compared to pure sand and zeolite. For the second extraction, aimed at releasing Cu adsorbed 411 

on mineral surfaces, the highest recovery was obtained for pure sand, followed by zeolite-, biochar- and 412 
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corncob-sand mixtures, indicating a slightly higher affinity of Cu to sand compared to zeolite surface. In the 413 

third extraction, aimed at extracting Cu adsorbed on the organic matter, the largest recovery percentage, as 414 

expected, was obtained for corncob. In all tests, and particularly for zeolite- and biochar-sand mixtures, a 415 

non-negligible fraction of Cu (Table 1)  was not recovered at column outflow nor in the extraction procedure, 416 

suggesting that Cu precipitation in the form of oxides/hydroxides (which cannot be extracted by none of the 417 

methods adopted in the three steps) also partly occurred. 418 

The breakthrough curve for pure sand was modelled using eq. 3 - 6 with one instantaneous (equilibrium) 419 

adsorption site (eq. 4) following a Langmuir isotherm, and one kinetic adsorption site (eq. 5). The fitting was 420 

satisfactory (Figure S7-2) with R2 = 0.91. For the equilibrium site, the Langmuir parameters obtained were 421 

qmax = 4.0210-1 mg/g and L = 1.6610-3 l/mg, similar to the values obtained in batch tests for CuSO4 adsorption 422 

onto pure sand (Table S6-1). As for the kinetic site, 𝛼𝑘 = 1.2910-3 min-1 and 𝜑𝑘 = 2.3710-3 min-1 were 423 

obtained. The fraction of instantaneous adsorption sites where adsorption 𝑓𝑒 was equal to 0.42, in agreement 424 

with the similar percentages of Cu recovery obtained in the first and second steps of the sequential extraction 425 

method. 426 

 427 

Dicamba 428 

Contrary to CuSO4 leaching tests, dicamba showed a significant breakthrough in all tested columns, 429 

corresponding to an overall lower affinity to the tested amendments (Figure 8a). No evident retardation was 430 

observed for pure sand and zeolite-sand mixture, while breakthrough was retarded for biochar- and 431 

corncorb-sand mixtures, with a retardation factor equal to 1.8 and 2.5, respectively. Beside retardation, 432 

which suggests the occurrence of instantaneous equilibrium adsorption, all breakthrough curves also showed 433 

a steady-state concentration plateau lower than the injected one, suggesting the concomitant occurrence of 434 

kinetic adsorption. From a qualitative point of view, the affinity of dicamba for the sorbent materials 435 

confirmed the same trend corncob>biochar>zeolite evidenced by batch tests, and by mass balances (Table 436 

1). 437 
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Figure 8b reports the vertical profile of retained dicamba at the end of the leaching tests. The profile for the 438 

corncob-sand mixture was not determined due to interference with other substances released by the 439 

corncob matrix. As a general trend, higher adsorption was observed in the upper part of the columns, where 440 

higher concentrations in pore water were present, even though concentrations are not negligible also at 441 

higher depths. The non-negligible concentrations of adsorbed dicamba measured along the column at the 442 

end of the test confirm the presence of two concurrent adsorption mechanisms (instantaneous and kinetic, 443 

the second being partly irreversible) hypothesized based on breakthrough curves: if adsorption was totally 444 

reversible, no significant retained concentration should have been measured, having breakthrough curves 445 

reached negligible values at the end of all tests. 446 

The breakthrough curves of all dicamba leaching tests were modelled assuming the same mechanisms used 447 

for CuSO4 (parameter in Table S7-1, modelled curves in Figure S7-3 in Supporting Information). The fitting 448 

was visually satisfactory with R2>0.95 for all tests except for the sand-corncob mixture. The first-order rate 449 

constant for dissolved phase k was higher for sand and sand-zeolite mixtures compared to biochar- and 450 

corncob-sand columns, suggesting that the latter materials reach faster equilibrium for the kinetic site 451 

compared to biochar- and corncob-sand columns. Comparing batch and column equilibrium adsorption 452 

parameters, and in particular the maximum adsorption capacity smax (Figure 9a), it can be observed that in all 453 

cases the qmax values obtained in batch were higher than those obtained in columns, but with the same trend, 454 

likely due to the better and longer contact between adsorbents and dicamba solutions.  455 

 456 

Conclusions 457 

In this study, zeolite, biochar and corncob were used to adsorb and reduce the mobility in water and soil of 458 

two pesticides, namely copper sulphate and dicamba. These amendments were mixed with silica sand at 459 

different application rates. A general decrease in bulk density and a notable increase in water holding 460 

capacity were observed with increasing application rates, particularly for biochar and corncob. This suggests 461 

their higher potential for enhancing water storage in fields during drought conditions. Conversely, zeolite  462 



21 
 

showed minimal impact on both bulk density and water holding capacity. The addition of amendments also 463 

significantly altered the pH. Thus, the physical and chemical effects of adding amendments to sand or soil in 464 

crop fields must be taken carefully into account, particularly in the presence of plants and crops with specific 465 

tolerance thresholds to salt/pH/soil humidity.  466 

The ability of the different mixtures to adsorb pesticides were first tested in batch. The amendment initial 467 

particle size distribution, application rate and the way of mixing used during adsorption test played crucial 468 

roles in the adsorption tests. In particular, head-over-head mixing allowed a significant reduction of 469 

amendment particle size due to friction with sand, thus enhancing adsorption rates, particularly at the lowest 470 

application rates. This finding evidences the importance of a careful evaluation of the results of batch 471 

adsorption tests, particularly when extrapolating their results to larger scales (column or field), due to the 472 

high impact of the specific operating conditions on the results. Highly charged amendments, such as biochar 473 

and zeolite, showed a higher affinity with copper, while dicamba was highly adsorbed by corncob due to its 474 

high organic matter content. The Langmuir adsorption model best fitted the experimental results for both 475 

copper sulphate and dicamba, suggesting a monolayer adsorption onto amendment surfaces.  476 

Preliminary column leaching tests were conducted to assess the amendments' effects under hydrodynamic 477 

conditions. The results confirmed the higher affinity of biochar and zeolite for copper sulphate, with 478 

negligible leaching of copper from the column, compared to sand and sand-corncob columns. For dicamba, 479 

higher retardation factor and consequently higher retention were observed in the corncob-sand mixture. In 480 

field conditions, this would result in longer retention of dicamba in the top soil, thus making its 481 

biodegradation more favourable.  482 

In conclusion, natural soil amendments can be used not only to improve the physical-chemical characteristics 483 

of the soil, as currently practiced in some agronomic techniques, but also to enhance adsorption of pesticides 484 

in the soil, thus limiting the spreading of both diffuse and local contaminations in agricultural settings. The 485 

results of this study also highlight the potential benefits of combining multiple amendments at the field scale, 486 
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where diverse types of pesticides are applied, to limit the overall leaching of agrochemicals into deeper soil 487 

and groundwater. 488 
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FIGURES 663 

 664 

Figure 1 SEM images (a, c, e) and XRD spectra (b, d, f) for biochar (a, b), zeolite (c, d) and corncob (e,f) samples. 665 

 666 
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 667 

Figure 2 Bulk density (a), water holding capacity (b), electrical conductivity (c) and pH (d) for amendment-668 
sand mixtures at different application rates 669 

 670 
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 671 

Figure 3 Copper sulphate adsorption isotherms reported as adsorbed CuSO4 per total mass of adsorbent (sand 672 
+ amendment) (a-c) and per total mass of amendment (d-f) vs equilibrium concentration in liquid phase, at 673 
different application rates (AR), for biochar (a,d), zeolite (b,e) and corncob (c,f) 674 

 675 
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 676 

Figure 4 Freundlich (a,b) and Langmuir (c) parameters for CuSO4 adsorption isotherms as a function of the 677 
amendment application rate 678 
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 679 

Figure 5 Dicamba adsorption isotherms reported as adsorbed dicamba per total mass of adsorbent (sand + 680 
amendment) (a-c) and per total mass of amendment (d-f) vs equilibrium concentration in liquid phase, at 681 
different application rates (AR),  for biochar (a,d), zeolite (b,e) and corncob (c,f) 682 

 683 
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 684 

Figure 6 Freundlich (a,b) and Langmuir (c) parameters for dicamba adsorption isotherms as a function of the 685 
amendment application rate 686 

 687 

 688 

Figure 7 Normalized CuSO4 breakthrough curve (C/C0 as a function of the number of injected pore volumes 689 
PVs) (a) and final vertical profile of adsorbed CuSO4 (mass concentration S versus depth) (b) for sand and sand-690 
amendment column leaching tests. The injection starts at PV = 0 (column pre-conditioning and tracer tests 691 
are not reported) 692 

 693 
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 694 

Figure 8 Normalized dicamba breakthrough curve (C/C0 as a function of the number of injected pore volumes 695 
PVs) (a) and final vertical profile of adsorbed dicamba(mass concentration S versus depth) (b) for sand and 696 
sand-amendment column leaching tests. The injection starts at PV = 0 (column pre-conditioning and tracer 697 
tests are not reported) 698 

 699 

 700 

Figure 9 Comparison of maximum adsorption capacity qmax obtained via fitting of breakthrough curves of 701 
column transport tests  (solid bars) and of adsorption isotherms of batch tests (dashed bars) of dicamba 702 
solutions in contact with sand-amendment mixtures (application rate equal to 5%) and pure sand. 703 
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TABLE CAPTION 705 

Table 1 Column leaching tests: geometical characteristics, hydrodynamic parameters and mass balance 706 
results 707 

 708 

 Sand Zeolite-sand Biochar-sand Corncob-sand 

CuSO4 

Column length (cm) 15 16.5 18 18 

Bulk density (g/cm3) 1.54 1.40 1.28 1.28 

Porosity (-) 0.41 0.42 0.485 0.44 

Pore volume PV (min) 132 117 193 142 

Unsaturated water content (-) 0.22 0.216 0.32 0.23 

Saturated hydraulic conductivity Ksat (m/s) 7.9210-5 5.7210-5 2.5910-5 5.8810-5 

Hydrodynamic dispersivity α (m) 4.1610-3 5.3810-3 5.9910-3 2.8510-3 

Leached CuSO4  (%) 56 1.2 1.1 10.2 

Recovered CuSO4 (leached + extracted) (%) 101.4 37.7 53.4 75.6 

Dicamba 

Column length (cm) 15.4 17 18.2 18.5 

Bulk density (g/cm3) 1.50 1.36 1.27 1.25 

Porosity (-) 0.40 0.41 0.48 0.44 

Pore volume PV (min) 101 125 197 122 

Unsaturated water content (m3/m3) 0.19 0.21 0.31 0.2 

Saturated hydraulic conductivity Ksat (m/s) 1.0110-4 6.3210-5 2.7010-5 910-5 

Hydrodynamic dispersivity α (m) 4.6710-3 4.3410-3 4.3210-3 7.5810-3 

Leached dicamba (%) 87 70 45.4 44 

Recovered dicamba (leached + extracted)  (%) 99 98.1 45.4* 88.9 

* Dicamba vertical profile was not determined 709 


