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Thesis summary and outline  

Volcanic soils represent <1% of the soils worldwide and are characterized by relatively high 

percentage of organic matter, high specific surface area, acidic pH as well as mineralogy dominated 

by amorphous and poorly crystallized minerals Fe/Al oxides and allophane. 

In Chile, volcanic soils are used mainly for the cultivation of fruit trees, cereals, and grasslands. To 

increase the agricultural production of these soils, farmers add high amounts of agrochemicals, 

which have low efficiency in these soils. Furthermore can cause deterioration of the environment. 

Faced with this situation, nanotechnology through the use of engineered nanoparticles (ENPs) can 

enable improvements in the growth and quality of crops and simultaneously reducing the amounts 

of agrochemicals. The ENPs that have the highest probability of entering volcanic soils are metallic 

ENPs, especially copper (Cu) and silver (Ag), which due to their antimicrobial properties are used 

as pesticides and fungicides. Likewise, another source of incorporation of ENPs into agricultural 

soils is through the addition of sewage sludge. Once in agricultural volcanic soils, metallic ENPs 

can interact with other elements affecting their availability in soil solution, with phosphorus (P) 

being one of the elements of greatest interest because it is a key limiting macronutrient for plants, 

when not available to plants in the right amount.  

 Considering this situation, the objective proposed in this study was to evaluate the effect of 

different doses of Cu or Ag ENPs produced by synthesis on the availability of P in a volcanic soil 

and the role played by natural soil organic matter (SOM) on this soil characteristic. 

Chapter I presents the general introduction and antecedents regarding the processes of ENPs in 

soils, as well as their effects on plant growth and physical, chemical and biological properties of 

soils and on the availability of P. In addition to the hypothesis and objectives of this research. 
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Chapter II demonstrates the synthesis and characterization of Cu and Ag ENPs and also the 

physicochemical characterization of a Santa Barbara soil series at two levels of natural organic 

matter (total organic matter content (T-OM) and partial reduction of organic matter (R-OM)). The 

characterization showed that both ENPs had a spherical shape and the particle size of Cu ENPs 

fluctuated between 8 and 29 nm and for Ag ENPs between 7 and 27 nm. Cu and Ag ENPs had an 

isoelectric point of 3.2, while Ag ENPs have a negative surface charge at all pH ranges studied. 

The pH of both ENP suspensions was acidic due to L-ascorbic acid, which was used as a reducing 

and coating agent.  

The physicochemical characterization of soil revealed that the organic matter content in T-OM 

sample soil was 14.1%, and after being treated with hydrogen peroxide, it decreased to 4.6% for 

R-OM. This caused the R-OM sample to have a higher surface area and a less acidic isoelectric 

point than the T-OM sample. Subsequently, it was evaluated the phosphate adsorption-desorption 

capacity in T-OM and R-OM samples in the presence and absence of Cu or Ag ENPs. 

The adsorption studies showed that the amount of P adsorbed in both soil samples increased when 

increasing doses of ENPs and was higher with Cu than with Ag ENPs. The Pseudo-second-order 

(PSO) and Elovich kinetics models for both soil samples in the presence and absence of Cu or Ag 

ENPs showed a good fit to the experimental data, suggesting that phosphate adsorption is chemical 

and occurs in a heterogeneous surface. The Freundlich model showed a good fit to the experimental 

data of the adsorption isotherms without both ENPs; on the contrary, with both ENPs, the Langmuir 

model fitted better to the isotherm data. Phosphate desorbed was lower in R-OM sample than in T-

OM soil sample and it increased with increasing doses of Ag or Cu ENPs. 

In chapter III, three fractions with different particle sizes (2000-32 µm (sand/coarse silt), 32-2 µm 

(fine silt) and <2 µm (clay)) of the Santa Barbara Series volcanic soil were separated and 

characterized. The physicochemical characterization showed that the clay fraction had the highest 
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effective cation exchange capacity, specific surface area and total content of P, N and C. 

Subsequently, phosphate adsorption-desorption was evaluated on those fractions in the presence 

and absence of Cu or Ag ENPs. The obtained results showed that the clay size fraction had the 

highest phosphate adsorption, while in the presence of both ENPs phosphate adsorption increased 

in relation to systems without ENPs and was higher with Cu than with Ag ENPs. The Elovich 

model, which was used to interpret the kinetic data, revealed that Cu ENPs in the three soil fractions 

promoted the formation of adsorption sites for phosphate at initial adsorption times, whereas Ag 

ENPs can generate adsorption sites for phosphate or/and generate a blockage of them. The 

Langmuir-Freundlich isotherm model showed an excellent fit for all experimental data, suggesting 

that phosphate adsorption occurs on heterogeneous fraction surfaces through chemical interactions. 

In the absence of ENPs, the phosphate desorption was lower for clay size fraction than for 

sand/coarse silt and fine silt fractions and it decreased with increasing in both ENPs content.  

The conclusion chapters II and III is that the incorporation of Cu or Ag ENPs suspensions into an 

Andisol generated a decrease in the pH values and thus increased P adsorption, leading to lower P 

availability. A lower P availability in agricultural soils may affect agricultural crop production.  

Finally, in chapter IV a general discussion of the results obtained from our study is presented, as 

well as the concluding remarks and future directions. 
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Chapter 1: General Introduction 

1.1. Introduction 

According to the United Nations, the world population will have increased from 7.4 billion in 2017 

to 9.7 billion in 2050 (Fukase and Martin, 2020). Therefore, increasing the yield and improving the 

quality of crops without damaging the soil is vital to guarantee the food security of the entire 

population. In this context, the use of agrochemicals (herbicides, fungicides, pesticides, fertilizers) 

allows for the elimination of insects, weeds, control of invasive plants and an increase in the 

development of crops (Aloo et al., 2021; Pandey et al., 2020). However, there are many problems 

associated with the inefficiency in its application, such as accidental spills, inappropriate use by 

the population, among others, which leads to significant damage to biotic and abiotic systems, 

threatening their stability and representing a public health hazard (Pandey et al., 2020).  

Currently, nanotechnology through engineered nanoparticles (ENPs) offers the possibility of 

producing agrochemicals with a nanometric size and with high efficiency. Among the different 

ENPs that exist in the market, agriculture has focused on metallic and metal oxide ENPs. This is 

because they show easy availability, simplicity, and profitability (Saratale et al., 2018). Likewise, 

the application of nutritional elements such as copper (Cu) and iron (Fe) in the form of ENPs is 

considered an efficient way to improve crop growth and reduce nutrient losses and pollution, due 

to their greater solubility, mobility and durability (Cartwright et al., 2020). Similarly, ENPs are 

reaching agricultural soils through residual sludge, which are accumulators of ENPs and are used 

to improve the physicochemical properties of the soil, and to a lesser extent through the waste of 

products containing ENPs (Wigger et al., 2015; J. Zhao et al., 2020). Although the use of ENPs 

has not yet become widespread, it is estimated that their concentration in agricultural soil may 

increase from 30 pg·kg−1 (min., 2017) to 10 g·kg−1 (max., 2050) (Giese et al. 2018). This situation 

can become a risk to ecosystem and health of people. In this sense, it has been determined that 
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ENPs in the human body can cause neurotoxicity through different mechanisms, such as membrane 

damage, cell cycle interference and reactive oxygen species formation (Lojk et al., 2020).  

On the other hand, metallic and metal oxide ENPs are not biodegradable materials, so once they 

are in, they can remain there or leaching into groundwater (Pérez-Hernández et al., 2020). 

Furthermore, once the ENPs come into contact with this matrix, they can suffer (i) processes and 

transformations, (ii) cause changes in physical, chemical and biological properties (Gomez et al., 

2021; Pereira et al., 2015). In addition, due to their low particle size and high reactivity ENPs (iii) 

can interact with elements affecting their availability in the soil solution (Simonin et al., 2018b; 

Zhang et al., 2020c).  

In general, biological, physical, and chemical properties significantly influence the quality soils. 

Therefore, the possibility that its quality will decrease due to the effect of the millions of tons of 

ENPs that will be accumulated is very high. In the same way, in agricultural soils, phosphorus (P) 

is one of the elements of greatest interest because it is a macronutrient for plants, allowing their 

optimal growth (Cao et al., 2018). 

To date, various reviews have been published about the transport, fate and transformations of ENPs 

in soils (Abbas et al., 2020a; Gladkova and Terekhova, 2013;  W. Liu et al., 2020; Pan and Xing, 

2012) and on their effect on plant growth and the abundance and diversity of microorganisms 

(Abbas et al., 2020a; G. Liu et al., 2020; Parada et al., 2019; Pérez-Hernández et al., 2020). On the 

contrary, there is little information about the effect of ENPs in abiotic properties. Thus, in this 

review, we will analyze the transformation and processes of ENPs in soil systems and we will 

present different changes caused by ENPs in the physical and chemical properties of the soil and 

the availability of phosphorus. This review will help to deepen the impact of ENPs on the health 

and balance of the soil. 
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1.2. Nanoparticles 

Nanoparticles (NPs) are particles with a size between 1 and 100 nm in diameter, which allows them 

to have a high surface/volume ratio, a large surface area and a large number of reactive atoms on 

the surface (Quigg et al., 2013). Approximately 35-40% of the atoms are located on the surface of 

NPs with a particle size of 10 nm compared to less than 20% for NPs with a size > 30 nm (Auffan 

et al., 2009b).  

Three types of NPs have been defined; natural, which can be formed by photochemical reactions, 

volcanic eruptions, forest fires and erosion, and by plants and animals; incidental, which are 

produced through the heating and combustion processes and intentionally designed, and engineered 

nanoparticles (Bhatt and Tripathi, 2011; Handy et al., 2008), which are NPs, on which this research 

will be focused.  According to their composition, engineered nanoparticles (ENPs) are divided into 

carbon-based materials (e.g., fullerenes and carbon nanotubes) and inorganic ENPs, including 

metal oxides (e.g., zinc oxide, iron oxide, titanium dioxide, copper oxide and cerium oxide), metals 

(e.g., copper, platinum, gold, silver and iron) and quantum dots (e.g., cadmium sulfide and 

cadmium selenide) (Charitidis et al., 2014; Ju-Nam and Lead, 2008). ENPs possess unique 

properties such as their ultra-small size, large surface area to mass ratio and high reactivity 

(Nowack and Bucheli, 2007). All these properties, together with their high industrial capacity to 

design and produce ENPs with unique and specific characteristics, have allowed their incorporation 

and application in various areas or fields, such as agriculture, pharmaceuticals, cosmetics, 

biomedicine, environmental analysis and remediation, catalysis and material sciences (Brar et al., 

2010; Carl Englert, 2007; Ju-Nam and Lead, 2008; Lei Qian and Hinestroza, 2004). For instance, 

the global market indicated that the production of ENPs in 2010 was between 2,680,000 and 

3,180,000 metric tons and since then, there has been an increase of 25% in the annual rate (Younis 
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et al., 2018). Additionally, it is expected that worldwide production will reach US$ 125 billion by 

2024 (Abbas et al., 2020b). Those predictions are supported by the increase during the last years 

in the amount of articles published and patents that exist in the market (Figure 1). 
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Figure 1. Number of articles published and patents that exist in the market on nanoparticles 

(Scopus database, search carried out 13/08/2021 using the word nanoparticles). 

 

For all the aforementioned, it has been established that ENPs will continue to find a great variety 

of new and diverse applications to improve the quality of life. However, due to ENPs being able to 

enter early into the value chain (they are incorporated into products), their investments are not fully 

known in final products. This situation has meant that nanotechnology in some industrial sectors 

is considered a scientific field still in development with earnings not calculated exactly to date 

(Charitidis et al., 2014). 

The ENPs are being used in various products and industrial processes, so they must have a defined 

specific particle size and shape. There are different physical and chemical methods to produce 

ENPs, which can be classified into two groups: (i) top-down methods and (ii) bottom-up methods 
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(Biswas et al., 2012; Govindrao et al., 2019). Top-down methods consist of reducing the size of 

macroscopic particles to a nanoscale through thermal decomposition, mechanical milling, laser 

ablation, nanolithography, and sputtering (Ju-Nam and Lead, 2008). However, ENPs obtained 

through these methods demonstrate uniform shapes, and sometimes the properties of ENPs 

produced may not differ from the properties of bulk material from which they were obtained 

(Jamkhande et al., 2019). On the other hand, in bottom-up methods, the obtaining of ENPs occurs 

from the construction of blocks, either atoms or molecules in the liquid or gas phase, to form 

particles with a distinctive size, shape and structure (Biswas et al., 2012; Soliemanzadeh et al., 

2016). The bottom-up methods are the most common in the manufacture of nanomaterials. 

Specifically, chemical reaction is the most used method to obtain metallic and metal oxide ENPs. 

This method reduces positively charged metal atoms using chemical reducers (Tavakoli et al., 

2007). Among the different molecules used as reducing agents are: molecular hydrogen, citrate, 

borohydride, alcohol, hydroxylamine hydrochloride, formaldehyde, carbon monoxide (Huang et 

al., 2015). Typically, ENPs obtained using those compounds show a high aggregation. In this 

context, green synthesis has emerged as an efficient and fast alternative to solve this problem 

(Irshad et al., 2020). In this case, the molecules used as reducing agents include enzymes, vitamins, 

polysaccharides, biodegradable polymers and extracts from plant parts. (e.g, leaves, stems, roots, 

shoots, seeds, pollen, fruit pericarp, fruit peels). In addition, they can act as stabilizers, reducing 

solubility, aggregation and preventing surface oxidation of ENPs (Shukla and Iravani, 2017). 

The physicochemical properties of ENPs include particle size, size distribution, shape, crystal 

structure, chemical composition, charge, and surface area (Malhotra et al., 2020). Various 

techniques are being used to obtain information on the properties of ENPs produced (Table 1) 

(Domingos et al., 2009; Ghorbani-Choghamarani et al., 2019).  
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Table 1. Experimental techniques most used for nanoparticle characterization. 

 

Characterization Technique Uses 

Microscopic 

 techniques  

Atomic force microscopy (AFM) Size, morphology, electrical and mechanical 

properties. 

Scanning tunneling microscopy (STM) Elemental and molecular composition. 

 Scanning electron microscopy (SEM)  Surface, size, shape and morphology 

composition. 

 Scanning transmission microscopy 

(TEM)  

Shape, size crystalline structure and 

morphology. 

 High-resolution transmission electron 

microscopy (HRTEM) 

Determines the arrangement of the atoms and 

surface atomic of crystalline. 

 X-ray absorption (XAS) 

spectroscopy (XPS) 

Investigates the reaction mechanism on the 

surface of NPs and the speciation of NPs. X-ray based  

 

 X-ray diffraction (XRD)  Recognizes and measures the crystalline 

forms, elemental compositions of NPs. 

 X-ray fluorescence (XRF) Identifies and determines the concentrations 

of elements in solid or liquid samples. 

Light  

Scattering 

Dynamic light scattering (DLS)  Shows the particle size distribution. 

Zeta potential (ZP)  The stability and surface charge of NPs. 

Spectroscopy 

techniques 

UV-visible  Size, aggregation, structure, surface 

chemistry. 

Fourier-transform infrared spectroscopy 

(FT-IR) 

Investigates the functional groups and the 

emission, absorption, and photoconductivity. 

Filtration 

techniques  

Cross-fow filtration (CFF)  Diffusion coefficients through an open 

channel. 

Field-flow fractionation (FFF)  Differentiates NPs based on their magnetic 

susceptibility. 

Ultrafiltration (UF) Diffusion through a membrane. 

Ultracentrifugation (UC)  Deposition of particles at a controlled speed. 

Capillary electrophoresis (CE)  Electrophoretic mobility under an external 

electrical field. 

Chromatographic 

techniques  

Size-exclusion chromatography  (SEC)  Differentiates NPs based on their affinity 

toward the mobile phase. 

Hydrodynamic chromatography  (HDC) 

 

Routes formed by open capillaries packed 

with non-porous materials. 

Plasma techniques Inductively coupled plasma mass 

spectrometry (ICP-MS) 

 Low detection limits, isotopic analysis, 

multi-element analysis. 

 Inductively coupled plasma optical 

emission spectroscopy (ICP-OES) 

 Simultaneous NPs analysis; relatively low 

detection limits. 

 Laser-induced breakdown spectroscopy 

(LIBS) 

Multi-element microanalysis, little or no 

sample preparation. 

 Graphite furnace atomic absorption 

spectroscopy (GF-AAS) 

 Direct NPs injection, little or no sample 

preparation. 
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Although the techniques used for the characterization of ENPs are reliable and the results obtained 

are pretty reproducible, there are still important challenges associated with the limited number of 

standardization methods, from the sampling strategies of ENPs from the products to the lack of 

good reference materials for the calibration of analytical tools, difficulties associated with 

preparing the sample for analysis and data interpreting (Rasmussen et al., 2017). There are also 

challenges related to detecting and measuring the concentration of ENPs in complex and real 

matrices such as soils and sediments (Koopmans et al., 2015; Mourdikoudis et al., 2018). In the 

study carried out by Koopmans et al. (2015), the detection of polyvinylpyrrolidone coated (PVP)-

Ag ENPs in natural soil samples was overlapped by clay colloids, which can be similar in size, 

shape and composition to ENPs. 

According to estimates, up to 0.3 Tg of ENPs annually enter landfills, soil, water and air (Keller 

and Lazareva, 2013). The entry pathways of ENPs into the environment can be divided into two 

categories: unintentional actions (e.g., atmospheric emissions and solid, wastewater and sewage 

sludge) and intentional actions (e.g., remediation of contaminated soils and water and use of nano-

agrochemicals) (Bhatt and Tripathi, 2011). Among those actions, sewage sludge and nano-

agrochemicals are considered the main routes of deposition of ENPs to agricultural soils. In relation 

to this, in 2005 in the EU the total production of sewage sludge was approximately 10 Mt, with 

approximately 4 Mt (40%) of the total amount of produced sludge used directly in agriculture soil 

to improve the physicochemical properties and fertility (Mininni et al., 2015). Meanwhile, various 

fertilizers based on nanotechnology are being used to improve the growth and quality of crop fruits 

(Table 2) (Elemike et al., 2019). 
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Table 2. Nanofertilizers used in the worldwide, their compositions, and manufacturers. 

 

Particularly, the metallic and metal oxide ENPs represent 37% of the total nano products in the 

world market. Therefore, they have the highest probability of entering the environment (Vance et 

Company name Commercial 

product 

Specification Country 

of origin 

JU Agri Sciences Pvt. 

Ltd., 

Nano max NPK 

fertilizer 

Amino acids, vitamins, probiotics, 

organic micronutrients, organic carbon 

and multiple organic acids chelated with 

major nutrients. 

India 

Shan Maw Myae Trading 

Co., Ltd 

Nano fertilizer Organic matter, N, K, C, and N. India 

SMTET Eco-technologies 

Co., Ltd. 

Nano ultra-

fertilizer 

Organic matter, N, P, K, P, K, and Mg. Taiwan 

Green Organic World Co., 

Ltd. 

Plant nutrition 

powder 

Combination of N, P, K, Ca, Mg, S, Fe, 

Mn, Cu, and Zn. 

Thailand 

PAC International 

Network Co., Ltd. 

Nano calcium Combination of Ca, Mg, Si, K, Na, P, Fe, 

Al, S, Ba, Mn, and Zn. 

Germany 

World Connect Plus 

Mayanmar Co., Ltd. 

Hero super nano Combination of N, P, K, Ca, Mg, and S. Thailand 

Nano Green Sciences, Inc. Nano green Extracts of corn, grain, soybeans, 

potatoes, coconut, and palm. 

India 

    

The Best International 

Network Co., Ltd. 

Supplementary 

powder 

Combination of N, P, K, Ca, Mg, S, Fe, 

Mn, Cu, and Zn. 

Thailand 

WAI International 

Development Co., Ltd. 

PPC nano Combination of M protein, N, P, K and 

diluent. 

Malaysia 

Tropical Agrosystem 

India (P) Ltd. 

TAG NANO 

fertilizer 

Proteino–lacto–gluconate chelated with 

micronutrients, vitamins, probiotics, 

seaweed extracts and humic acid. 

India 

Fanavar Nano-

Pazhoohesh Markazi 

Company. 

Biozar nano-

fertilizer 

Combination of organic materials, 

micronutrients and macromolecules. 

Iran 

The Best International 

Network Co., Ltd., 

Nano capsule Combination of N, P, K, Ca, Mg, S, Fe, 

Mn, Cu, and Zn. 

Thailand 

Indian Farmers Fertilizer 

Cooperative Ltd. 

IFFCO 

nanofertilizer 

Nano N-potential to cut the requirement 

of urea by 50%. 

India 

Nano Zn-10 gm would be sufcient for a 

hectare of land. 

Nano Cu-provides both nutrition and 

protection to the plant. 
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al., 2015; Wang et al., 2014). Metallic and metal oxide ENPs are being used in various industrial 

applications (Table 3).  

 

Table 3. Different types of metallic and metal oxides ENPs and their associated applications. 

Class Core Quantity used in 

terms of tons 

Application 

Metallic Ag High Antimicrobial, cosmetics, medical, paint, coating, food 

packaging, textiles, electronics and optics. 

 Fe High Paints and pigments, coatings, electronics, optics, 

catalysts, cosmetics and medical drug delivery. 

 Cu Unknow Microelectronics, capacitors, catalysts, conductive 

coating, lubricants additives. 

 Pt High Catalysts. 

 Al High Metallic coating/plating. 

Metal 

oxide 

SiO2 High Automotive, sensors, coating, catalysts, electronics, and 

optics, energy, paints and pigments. 

 Al2O3 Low Catalysts, coating, paints and pigments, electronics and 

optics, cosmetics and energy. 

 CeO2 High Electronics and optics, catalysts, coating, ceramics, 

polishing agents, and energy. 

 ZnO Low Electronics, plastics, energy, textiles, medical, 

catalysts, cosmetics, coating, paints and pigments. 

 TiO2 High Coatings, paints and pigments, cosmetics, 

photocatalysts, energy and plastics. 

 Fe2O3 High Drug-delivery, bio-catalysis, targeted therapy, 

wastewater treatment and biosensor. 

 CuO Low Antimicrobial, semiconductors, and intrauterine 

contraceptive devices. 

 

Among those metallic and metal oxide ENPs, the most frequently used are Ag ENPs. In 2016, the 

production of Ag ENPs was in the range of 360 to 450 t·year−1 and it is expected to grow to 800 

t·year−1 in 2025 (Skiba et al., 2020). It is also estimated that the global market for Ag ENPs will 

reach US$ 2.45 billion by 2022 (H. Zhang et al., 2020). For these reasons, the amounts of Ag ENPs 
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released into the environment in the coming years will increase, which may cause drastic alterations 

in natural ecosystems and will be a material of high interest in this study. 

1.3. Processes and transformations of metallic and metal oxide ENPs in soils 

The soil matrix is the main sink for ENPs (Masrahi et al., 2014). In soils, metallic and metal oxide 

ENPs due to unique and novel properties can suffer different chemical and biological reactions and 

physical processes (Husen, 2020). In particular, the most important are homo-aggregation, hetero-

aggregation, oxidation and dissolution processes. 

The homo-aggregation process causes an increase in the particle size of ENPs, reducing their 

mobility and transport to other environments (D. Zhou et al., 2012). This process is influenced by 

the concentrations and the coating of ENPs and by the chemistry of the solution, such as pH, ionic 

strength, type of electrolyte, dissolved oxygen and dissolved organic carbon (DOC) (Tourinho et 

al., 2012). The critical coagulation concentration (CCC) explains the required minimum electrolyte 

concentration for favorable aggregation of ENPs by eliminating the electrostatic energy barrier 

(Fazeli Sangani et al., 2019). In general, CCC values are strongly dependent on the increase in 

ionic strength and in the oxidation state. It has been determined that an increase in the ionic strength 

and cation charge decreased the thickness of the electric double layer, and the homo-aggregation 

process of ENPs is favored (Merrifield et al., 2017). For instance for Ag ENPs, the CCC values 

obtained in the presence of NaCl, NaNO3 and CaCl2 were 40, 30, and 1.5 mM, respectively (Li et 

al., 2010). Research has shown that the surface coatings of ENPs increased the CCC value by 

minimizing homo-aggregation of ENPs (Ellis et al., 2016). In the study developed by Huynh and 

Chen, (2011), using similar concentrations of stabilizing agents, it was determined that the presence 

of NaCl the CCC for PVP-coated Ag ENPs was 111.5 mM compared to 47.6 mM for the citrate-

coated Ag ENPs. Meanwhile, in the presence of CaCl2, the CCC values for PVP- and citrate-coated 
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Ag ENPs were 4.9 mM and 2.1 Mm, respectively. The results were associated with the fact that 

PVP is an amphiphilic polymer without charge, so the adsorption of PVP on Ag ENPs probably 

results in steric repulsion. The homo-aggregation rate of coating ENPs depends on chain length 

and terminal groups (Kim et al., 2005). In this sense, Dong and Lo, (2013) found that an increase 

in Ca2+ concentration decreased the surface charge of poly(acrylic acid) (PAA)-Fe ENPs, Tween-

20-Fe ENPs, and Starch-Fe ENPs. They suggested that Ca2+ is adsorbed by three ENPs; but Ca2+ 

only favors homo-aggregation of Starch-Fe ENPs. The mechanism proposed considers that Starch-

Fe ENPs are linked through the complexation of Ca2+ with starch molecules of the surface of ENPs 

(Dong and Lo, 2013). On the other hand, dissolved organic matter present in the soil solution and 

aquatic systems can provide colloidal stability to ENPs by replacing the coatings, or by adsorption 

on the surface of ENPs and subsequent electrostatic repulsion (Lin et al., 2015; Liu et al., 2013). 

The hetero-aggregation process corresponds to the interaction between ENPs and natural colloids, 

including small organic macromolecules, polysaccharides, soot particles and inorganic colloids 

(Sotirelis and Chrysikopoulos, 2017). Hetero-aggregates formed by ENPs can be retained by soil 

pores (Rodrigues et al., 2016); that is, it decreases the transport, absorption, toxicity  and biological 

availability of ENPs (Bae et al., 2010; Lowry et al., 2012). Soil composition and solution factors 

strongly influence the rate of hetero-aggregation of ENPs. For example, Hoppe et al. (2016) 

determined that soils with a low mineralogical content showed a lower fixation and formation of 

hetero-aggregates with AgNM-300k about AgCN30. Meanwhile in the study carried out by (Kim 

et al., 2012) was determined an improvement in the rate of hetero-aggregation between nanoscale 

zero-valent iron (nZVI) and kaolinite at pH <7 and the electrostatic attraction was the dominant 

mechanism. Similar behavior was observed for interaction between negatively charged Ag or PVP-

Ag ENPs and maghemite (Cornelis et al., 2013).  
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Oxidation is the capacity of ENPs to lose electrons, while dissolution corresponds to the release of 

material (cation) from ENPs (Chen et al., 2012). The standard reduction potential (E°) is used to 

predict the oxidation of metallic ENPs in the environment. The E° for Fe2+/Fe0 is -440 mV (Liang 

et al., 2014), for Cu2+/Cu0 is -340 mV (Grouchko et al., 2009) and for Ag+/Ag0 is +799 mV (Dong 

et al., 2021). Due to those E° values and the E° values for O2/OH- at pH 7 is 400 mV and O2/2H2O 

pH <7 is +1230 V, Fe and Cu ENPs in aqueous solution at pH≈7 can be oxidized by O2 forming a 

shell-core structure constituted by different oxides of Fe2+ and Cu2+, respectively. In addition, 

depending on the environmental conditions, the cations can be released into the solution (Carroll 

et al., 2013; Grouchko et al., 2009). According to the E° value and the experimental studies, it has 

been determined that Ag ENPs had minimal oxidation at pH 7. On the contrary, at acid pH and in 

the presence of O2, the oxidation and subsequent dissolution of ENPs are highly favored (Cornelis 

et al., 2012; Rahmatpour et al., 2017).  

Dissolution has a significant influence on the fate and toxicity of some ENPs. In the case of ZnO 

ENPs, toxicity has been attributed mainly to the ions released from ENPs, while for Ag and CuO 

ENPs, dissolution studies suggest that fate and toxicity are influenced by both ions and particles. 

(Hartmann et al., 2014). The oxidation/dissolution increased with diminishing particle size and 

decreased with the surface coating of ENPs (Boverhof et al., 2015; Brunner et al., 2006). For 

example, small Ag ENPs (≤13 nm) are more soluble than large ones (70 nm) to the oxidation 

process (Peretyazhko et al., 2014). Likewise, in the study carried out by Li et al. (2012), it was 

concluded that the particles coated with sodium dodecyl sulfate (SDS)-Ag ENPs and Polysorbate 

80 (Tween)-Ag ENPs showed a lower dissolution than the pristine material. In natural systems, 

bacteria, algae and plants can produce and release a wide variety of complexing agents that can 

significantly modify the dissolution rate of metallic ENPs (Cornelis et al., 2012). This was because 
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the ions released from ENPs can interact with the components of the surrounding environment, 

leading to changes in the speciation of metals through the formation of soluble complexes and 

precipitates (Cornelis et al., 2011; Merrifield et al., 2017). The formation of metal complexes 

depends on the medium constituents, redox conditions, temperature, pH and organisms (Baun et 

al., 2017). For instance, Merrifield et al. (2017) evaluated the relative importance of the 

transformations of Ag ENPs as a function of the aquatic system concentrations and determined that 

the released Ag+ formed precipitates of Ag2S and AgCl. Nevertheless, according to equation 1, the 

oxidation process can be inhibited in the absence of O2 (Liu and Hurt, 2010). 

                                                  2Ag(s) +  
1

2
O2(aq) + 2H(aq)

+ ↔ 2Ag(aq)
+ + H2O(𝑙)                               (1) 

1.4. Impact of metallic and metal oxide ENPs on physical and chemical soil properties  

The physical, chemical, and biological properties of soils can be affected by the amounts of ENPs 

accumulated by soils. Until now, this threat has gone practically unnoticed since there is limited 

and scattered scientific evidence in relation to the consequences of the presence of ENPs in soils 

(Pérez-Hernández et al., 2020). A list of studies investigating the impacts of ENPs on various soil 

processes, microbiota and plant growth is compiled in Table 4.  Here, we will focus on analyzing 

the effects of ENPs on the physical and chemical properties of soil, which have been less studied, 

and which are essential in the health of the soil (Murtinah and Komara, 2021). Besides, these 

properties are important in order to regulate the fertility and the availability of fertilizers, pesticides, 

pharmaceutical/personal care products and persistent organic contaminants and nutrients 

(Reynolds et al., 2002).  
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Table 4. Effect of metallic and metal oxide engineered nanoparticles on physical, chemical, biology soil properties and plant growth. 

ENPs Type Concentration Type or place of 

soil 

Duration Remarks Reference 

 

 

Physical soil properties 

 

Pt  0.1 - 1000 μgPt 

300 g−1 

Clay-free organic 

sapric histosol 

5 weeks  Increase structural rigidity of soil organic matter 

(SOM) and aliphatic crystallites content; decrease 

in the enthalpy of evaporation of water in the SOM. 

(Komendová et 

al., 2019) 

γ-Al2O3 and 

CuO 

 0,05-0.3% γ-

Al2O3, 0.15-

0.7% CuO   

Selangor 10 days Reduction of the swelling stress and the shrinkage 

stress of the soil; decrease in hydraulic conductivity 

and density. 

(Taha and Taha, 

2012) 

Fe3O4 and 

MgO 

1, 3, 5% (w/w) Agricultural land 

in Hamedan, Iran 

100 days The apparent density of the soil increases with the 

dose of Fe3O4 ENPs but decreases with MgO ENPs. 

(Bayat et al., 

2019) 

SiO2 and Zn 50 mg·L−1  of Zn 

or 2.5 mg·L−1 of 

SiO2  

 El-Serw 

Agricultural 

Research Station  

7 weeks  Increase in the hydraulic conductivity of the soil; 

decrease in bulk density. 

(Kheir et al., 

2019) 

nZVI 1, 4, 7, 10 g·L−1   Oxisol ----  Concentrations <4 g·L−1 do not affect the natural 

hydraulic conductivity of the soil. However, higher 

concentrations reduced the hydraulic conductivity 

value. 

(Reginatto et al., 

2020) 

Ag coated with 

PVP and citrate 

2.5, 5.0, 10 

mg·L−1 

Red Soil ---- The surface coatings of Ag ENPs block the solid 

phase sites promoting the transport of the ENPs. 

(He et al., 2019) 

 Chemical soil properties 

 

nZVI  10 mg·g−1  Silt loam soil 14 days  Decrease in redox potential and increase in soil pH. (Cullen et al., 

2011) 

nZVI  28–36 mg·g−1  Acidic and 

calcareous  

30 days Modification of pH values depending on the 

buffering capacity of the soil; increased electrical 

conductivity and water retention capacity of soils. 

(Mar Gil-Díaz et 

al., 2014) 
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nZVI 1, 5, 10% (w/w) From El Terronal 

and Asturias. 

72 h No effect on soil pH and EC. (Gil-Díaz et al., 

2017) 

TiO2 1, 500 mg·kg−1   Sandy-loam, loam 

and silty-clay 

90 days Low doses of ENPs decrease the mineralization of 

C in a clay-silty soil. 

(Simonin et al., 

2015) 

Fe3O4 1000, 2000 

mg·L−1   

Loamy  30 days Increase the cation exchange capacity and total P 

content and P extractable. 

(De Souza et al., 

2019) 

CuO and Fe3O4  1 or 5% (w/w)  Red Sandy clay 

loam 

Mediterranean 

soil and Rendzina 

soil 

24 h Fe3O4 ENPs catalyze the oxidation of organic 

pollutants in aqueous suspensions, inducing 

changes in SOM. 

(Ben-Moshe et 

al., 2013) 

nZVI  0.10-2.0 g·L−1 ---- 48 h The residual dissolved organic matter has a higher 

reduction capacity, % mineralization and 

photodegradation after the adsorption of ENPs. 

(Wang et al., 

2020) 

CuO  50,100, 500, 

1000 mg·kg−1 

Hangzhou 88 days High concentrations of ENPs decrease the redox 

potential but improve EC; increased soil pH; 

increased phyto-availability of Cu in the soil. 

(Peng et al., 2017) 

TiO2 50, 100 mg·kg−1 Seoul  40 days  Increase in EC and decrease in pH of the 

rhizosphere; improves P dissolution. 

(Zahra et al., 

2019) 

CuO  10, 100, 1000 

mg·kg−1 

Paddy soils 90 days Increased degradation and mineralization of OM; 

increased in soil pH. 

(Shi et al., 2018) 

TiO2, ZnO and 

CuO 

50, 100 and 500 

mg·kg−1 

Paddy soil  90 days Increase of soil pH, Eh and EC in flooding-drying 

process. 

(W. Zhang et al., 

2020) 

CeO2 and TiO2 500 mg·kg−1  Southern 

Australian soils 

260 days  Both ENPs alter the mineralization of organic N 

and/or the nitrification rates of the soil due to the 

catalytic and/or antimicrobial properties of the 

ENPs; increase in the phyto-availability of P and 

Zn in soils. 

(Duncan and 

Owens, 2019) 
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ZnO 2.5 mg·kg−1  Inceptisol 60 days Decrease in soil pH and SOC; increased EC and P 

available. 

(Verma et al., 

2021) 

SiO2 4.5 mg·L−1 Wuhan, 

Chongqing  and 

Qianjiang 

24 h Decreased mobility of pesticides in soils, although 

this effect varies with the composition of the soil. 

(Huang et al., 

2017) 

ZnO 100, 1000 

mg·kg−1 

Agronomy farm 

of Faisalabad 

64 days  Increase in soil pH and C mineralization. (Shemawar et al., 

2021) 

nZVI, Fe3O4, 

and Fe2O3 

2 to 6 g·kg−1 Udic Ferrosols 

and Anthrosol 

60  days nZVI increase in DOC and available NH4
+-N but 

decrease available phosphorus (AP), while Fe3O4 

and Fe2O3 ENPs slightly reduce soil pH and 

decrease available NH4
+-N and AP. 

(Zhou et al., 

2012) 

ZnO 1.0, 20.0 mg  Agricultural-clay 

soil and peaty soil 

4 weeks Decrease in the content of Al, Ca, Cu and Mg in the 

soil. 

(Baysal and 

Saygın, 2018) 

nZVI  0.1, 1, 10 mg·g−1  Hangzhou, 

Taizhou , Haikou, 

Kunming, 

Honghe, Chifeng, 

Puer , and Yingtan  

90 days ENPs promote aromatic carbon sequestration and 

decrease the redox potential of the soil. The impact 

of nZVI on soil pH, electrical conductivity (EC), ζ 

potential, dissolved organic carbon (DOC) and 

enzyme activity is dependent on the soil type and 

soil moisture content. 

(Yalong Wang et 

al., 2021) 

    Soil Biology   

CuO and TiO2 

 

100, 500, 1000 

mg·kg−1 

 

Paddy soil 3 months 

 

The microbial biomass and the activity of 

dehydrogenase, urease and phosphatase enzymes in 

the soil are more affected by the presence of CuO 

ENPs than TiO2 ENPs. 

(Xu et al., 2015) 

 

ZnO and CuO  

 

10 mg·kg−1 

 

Sandy loam and 

silt loam 

730 days 

 

Stimulating effect of both ENPs on microbial 

communities and dehydrogenase enzyme activity; 

higher activity of bacteria and fungi in soils treated 

with ENPs; decrease in the differences between the 

control soil and that treated with ENPs over time. 

(Jośko et al., 

2019) 
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ZnO and CuO 300 mg·kg−1 

 

Silty sand 30 days 

 

Enzyme activity and gene expression differences 

between individual and overall ENP treatments. 

(Jośko et al., 

2021) 

ZnO, CuO, 

Cr2O3 and Ni 

 

10, 100, 1000 

mg·kg−1 

 

Haplic Podzol and 

Haplic Luvisol  

196 days 

 

The levels of inhibition/stimulation of enzyme 

activity varied in relation to soil type and the 

duration of contact between ENPs and soil and size 

of ENPs. 

(Jo et al., 2014) 

 

Ag, ZnO, CuO 

and TiO2 

 

1, 10, 100 

mg·kg−1 

 

Macdonald 

campus of McGill 

University 

30 days 

 

ZnO and CuO ENPs did not affect the enzymatic 

activity of the soil. In contrast, Ag inhibited 

enzymes when dosed in particulate or dissolved 

form; TiO2 did not have a significant effect on 

decrease enzyme activity. 

(Asadishad et al., 

2018) 

 

ZnO, SiO2, 

TiO2 and CeO2  

 

1 mg·g−1 

 

Agricultural 

University of 

Hebei 

30 days 

 

ZnO and CeO2 ENPs hinder thermogenic 

metabolism, reduce the number of soil 

Azotobacter, P-solubilizing and K-solubilizing 

bacteria, and inhibit enzyme activities; TiO2 ENPs 

reduce the abundance of functional bacteria and 

enzyme activity; SiO2 ENPs slightly increase soil 

microbial activity. 

(Chai et al., 2015) 

 

Ag-HS 

 

10−3 to 10−4 М 

 

Albeluvisol 

Umbric and 

Chernozems  

24 h 

 

Increase in the concentration of Al, Cr, Cu, Fe in 

the soil solution; ENPs favor the decomposition of 

SOM; plants treated with Ag-HS ENPs 

demonstrated a lower water absorption rate and a 

greater decrease in shoot and root biomass. 

(Kulikova et al., 

2020) 

 

CeO2  

 

100, 500, 1000 

mg·kg−1 

Mixture of a 

Gilford and an 

organic soil. 

5 months 

 

Inhibition of urease and β-glucosidase and 

stimulation of phosphatase. 

(B. Li et al., 2017) 

Ag 

 

1600, 3200  

µg·kg−1  

 

Silt loam and 

sandy loam 

1 month  

 

After one hour and one week, the activities of the 

acid phosphatase, β-glucosaminidase, β-

glucosidase, and arylsulfatase enzymes had 

decreased; after one month the treatments with 

ENPs had mixed effects. 

 

(Eivazi et al., 

2018) 
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ZnO and Cu  

 

550 mg  

 

Agricultural soil 

from New York 

State 

160 days 

 

Alteration of the community composition in the 

rhizosphere of Flavobacteriales and 

Sphingomonadales. 

(Collins et al., 

2012) 

 

ZnO and CuO 

 

100, 250, 500 

mg·kg−1   

 

Commercial white 

sand 

7 days 

 

Growth inhibition by CuO ENPs is more evident in 

the roots than in the shoots. In contrast, CuO:ZnO 

ENPs partially inhibit growth. CuO ENPs inhibit 

ferric reductase but stimulate the activity of cupric 

reductase; while CuO: ZnO ENPs alter the levels of 

iron activity, but not of copper reductase, in relation 

to CuO ENPs. 

(Dimkpa et al., 

2015) 

 

CuO 

 

0.1, 1, 100 

mg·kg−1 

 

Sandy-loam, 

loam, silty-clay 

and silty- clay-

loam 

90 days 

 

Significant reduction in denitrification, nitrification 

and soil respiration at the highest concentration of 

ENPs but limited effects at low concentrations. 

significant reduction in heterotrophic microbial 

activities; adverse  effects increase over time. 

(Simonin et al., 

2018a) 

 

CuO  

 

10, 100, 500  

mg·kg−1 

 

Institute of Jiangxi 

Red Soil 

60 h 

 

Alteration of denitrifying functional genes and 

composition of bacterial communities; inhibitory 

effects on the activity of the enzymes nitrate 

reductase and nitric oxide reductase; high 

bioavailability and dissolution of ENPs in the soil. 

(S. Zhao et al., 

2020) 

 

MgO 

 

125, 250, 500 

µg·mL−1 

---- 40 days 

 

Inhibitory effect on spore germination, sporangia 

formation and hyphal development. 

(Chen et al., 

2020) 

ZnO and CuO 

 

10 mg·kg−1 

 

Sandy loam and 

silt loam 

730 days 

 

Long-term exposure of the soil microflora to ENPs 

did not cause changes in the enzymatic activity and 

the population size of the group of microorganisms. 

(Jośko et al., 

2019) 

 

CuO  

 

200, 1000  

mg·kg−1 

---- 14 days 

 

ENPs cause lethal toxicity only at a concentration 

of 1000 mg·kg−1. 

(Tatsi et al., 2018) 

 

Fe3O4 and γ-

Fe2O3 

 

0.42, 0.84, 1.26 

mg·g−1 

 

---- 30 days 

 

The growth of bacteria such as Actinobacteria, 

Duganella, Streptomycetaceae or Nocardioides is 

stimulated. Meanwhile, the urease and invertase 

activities of the soil increase under amendments of 

both ENPs. 

(He et al., 2011) 
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Fe2O3 and ZnO 

 

100, 500, 1,000 

mg·kg−1 

 

Sandy loam     --- 

 

ENPs positively affect the bacterial population and 

dehydrogenase activity at 100 mg·kg−1, but ENPs 

reduce the abundance and microbial activities in 

rhizosphere rice at higher concentrations. 

(Yadav et al., 

2014) 

 

Ag 

 

0.14 mg·kg−1  

 

Duke Forest, 

Durham 

63 days 

 

Changes in the composition of the microbial 

community, biomass and extracellular enzymatic 

activity, as well as in the biomass of aerial plants; 

in biosolids, ENPs can be transformed through 

oxidation and sulfurization, but their impact on 

plants and microbes remains. 

(Colman et al., 

2013) 

 

Cu  

 

50 mg 

 

Various locations 

from USA 

55 days 

 

Sphingomonas and Rhizobiales are susceptible to 

ENPs and their transformation products; ENPs 

have minimal effects on the wealth of the bacterial 

community. 

(Shah et al., 2016) 

 

Fe3O4 

 

0.1, 1.0, 10.0 

mg·kg−1 

 

Fengqiu County, 

Henan Province 

20 days 

 

High concentrations of ENPs reduce the ecological 

function of the arbuscular mycorrhizal fungi, the 

colonization of root mycorrhizae, the glomalin-

related soil protein (GRSP) content of the soil and 

the activity of alkaline phosphatase. 

(Cao et al., 2017) 

 

TiO2 

 

5, 10, 20, 40, 80, 

100 mg·kg−1  

 

ICAR-Indian 

Institute of Soil 

Science, Bhopal  

45 days 

 

Increase in Gram positive, Gram negative bacteria, 

fungi, actinomyctetes and anaerobes using dose of 

80 mg ENPs kg−1 soil, but, declined at 100 mg 

ENPs kg−1 soil dose. 

(Bhattacharjya et 

al., 2021) 

 

ZnO, TiO2, 

CeO2, Fe3O4 

 

0.5, 1.0, and 2.0 

mg·g−1 

 

Black and saline-

alkali 

 

30 days 

 

Decreased soil enzyme activities and soil bacterial 

communities; soil type is a key component that 

dictates the effect of ENPs on the composition and 

size of the bacterial community. 

(You et al., 2018) 

 

Ag 

 

10 mg·kg−1 

 

Anhui 

Agricultural 

University farm 

7 days 

 

Decreased urease, nitrite reductase, nitrate 

reductase, and hydroxylamine reductase activities. 

(Liu et al., 2021) 
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CuO 

 

0-60 mg·L−1 

 

Municipal 

wastewater 

treatment plant in 

Qingdao City 

----- 

 

Increase in the reactive oxygen species (ROS) 

production and lactate dehydrogenase (LDH); A 

high concentration of ENPs affects microbial 

enzyme activity. 

(Wang et al., 

2017) 

 

ZnO 

 

200, 500, and 

1000 mg·kg−1 

 

Medium loam 30 days 

 

Affected mineral cycling by affecting soil enzyme 

activity and microbial community structure; 

disadvantaged taxa those are hydrocarbon-

degrading bacteria of Bacteroidetes. 

(Shi et al., 2021) 

 

 Plants species 

ENPs type Concentration Plant Study/  

Duration 

Remarks Reference 

CuO and ZnO 300 mg·kg−1 Barley 

(Hordeum vulgare 

L.)   

soil/ 30 

days  

With the combined treatment of ENPs, extractable 

concentrations of Cu and Zn in bulk soil are lower 

than with the individual exposure of ENPs. Genes 

related to metal uptake (ZIP) and the cell 

compartment (PAA2, RAN1) are regulated by the 

individual application of ENPs rather than the 

combined application. 

(Jośko et al., 

2021) 

ZnO 40, 80, 160, 400 

mg·kg−1 

Soybean  

(Glycine max cv.) 

 

Soil/ 120 

days  

The highest concentration of ENPs (spherical/ 38 

nm) elicits the highest oxidative stress responses 

(synthesis of H2O2, MDA, SOD, CAT, POX) in 

soybean compared to floral-like/59 nm, and rod-

like/> 500 nm ENPs. 

(Yusefi-Tanha et 

al., 2020) 

CeO2 500 mg·kg−1 Kidney bean 

(Phaseolus 

vulgaris var.) 

Soil/ 52 

days  

The metabolic processes of the plant are more 

noticeable in soils enriched with OM; increased 

activities of antioxidant enzymes in aerial tissue. 

(Majumdar et al., 

2016) 

CeO2 100, 500, 1000 

mg·kg−1 

Radish 

(Raphanus sativus 

L.)  

Soil/ 31 

days  

Soil properties affect the bioavailability and 

upward translocation of ENPs in the crops. 

Zhang et al., 

2017) 

CeO2 50 mg·L−1 Radish 

(Raphanus sativus 

L.)  

Hydroponi

cs/ 7 days 

ENPs can enter and accumulate in root tissues of 

the plant; ENPs agglomerate at the endpoint of their 

translocation from roots to leaves. 

(Wojcieszek et 

al., 2019) 
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Ag, Co, Ni, 

CeO2,Fe3O4, 

SnO2 and TiO2 

100 μg·mL−1 Basil (Ocimum 

basilicum L.) 

 

Soil/ 4 

weeks 

The metals released from Ag, CeO2, Co and Ni 

ENPs could travel from the root to the soot reaching 

the leaves. 

(Vittori Antisari 

et al., 2018) 

ZnO 1, 3, 5 mg·kg−1 Sorghum 

(Sorghum bicolor 

var.) 

Soil/  43 

days 

ENPs under drought stimulate crop development 

and increase grain yield in cereal crops while 

fortifying edible plant parts with Zn for human and 

animal nutrition. 

(Dimkpa et al., 

2019) 

ZnO 

 

100, 200 and 500 

mg L−1 

Wheat (Triticum 

aestivum L.) 

 

Soil/ 143 

days  

ENPs produced a higher root elongation, shoot 

elongation and grain yield; improve the total 

chlorophyll and Zn content of the grain and 

maintain wheat production. 

(Singh et al., 

2021) 

TiO2 100, 500 

mg·kg−1 

Wheat (Triticum 

aestivum L.) 

 

Soil/ 3 

weeks  

The transfer of ENPs to wheat leaves in agricultural 

soils is very low; ENPs in the soil do not affect 

plant development. 

(Larue et al., 

2018) 

Ag-HS 40 mg·L−1 Wheat (Triticum 

aestivum L.) 

 

Hydroponi

cs/ 8 days  

Increase in the concentration of Al, Cr, Cu, and Fe 

in the soil solution; ENPs favor the decomposition 

of SOM; plants treated with Ag-HS ENPs had a 

lower water absorption rate and a greater decrease 

in shoot and root biomass. 

(Kulikova et al., 

2020) 

ZnO and CuO 100, 250, 500  

mg·kg−1 

Bean (Phaseolus 

vulgaris) 

 

Soil/ 7 days Growth inhibition by CuO ENPs is more evident in 

the roots than in the shoots. In contrast, the CuO: 

ZnO ENPs partially inhibit the growth. 

(Dimkpa et al., 

2015) 

CuO 100 mg·L−1 Rice  

(Oryza sativa L.)  
 

Hydroponi

cs/ 14 days  

 

Transportation of ENPs from the roots to the 

leaves, and that Cu(II) combined with cysteine, 

citrate, and phosphate ligands and was even 

reduced to Cu(I); CuO NPs and Cu-citrate was 

observed in the root cells. 

(Peng et al., 2015) 
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Studies on physical soil properties have shown that ENPs like ZnO and SiO2 (Kheir et al., 2019), 

and γ-Al2O3 and CuO (Taha and Taha, 2012) decreased the soil bulk density and reduced the 

distance between soil particles. Therefore, ENPs help in the formation of a more rigid matrix. 

Nevertheless, the changes in physical properties are also dependent on the concentrations, size and 

type of ENPs. With regards to this, Komendová et al. (2019), found an increase in the strength of 

the water molecule bridges and the structural rigidity of the soil using Pt ENPs of 3 nm in 

concentrations of 0.1, 1 and 10 μgPt 300 mg−1 soil. Meanwhile at concentrations between 100 and 

1000 μgPt 300 mg−1 soil, the water content retained by OM decreased. In the same way, nZVI 

concentrations of 1 and 4 g·L−1  did not affect the hydraulic conductivity in a Oxisol soil but higher 

concentrations (7 and 10 g·L−1) generate a reduction in the hydraulic conductivity (Reginatto et al., 

2020). Bayat et al. (2019) investigated the effects of the application of Fe3O4 and MgO ENPs (three 

dosages of 1, 3, and 5% w/w) on total porosity, mean weight diameter aggregate, volumetric water 

content, penetration resistance, and saturated hydraulic conductivity during incubation periods of 

40 and 100 days. They concluded that only MgO ENPs improved the physical and mechanical 

properties of the soil due to its great adhesiveness, specific surface, activity, and reaction capacity. 

Similarly, the addition of MgO ENPs (< 100 nm) into calcareous loamy soil, after being subjected 

to various stresses, caused a decrease in apparent density compared to the effect produced by Fe3O4 

ENPs (< 100 nm) (Bayat et al., 2019). The reduction in density provided better conditions for the 

growth of plant roots (Bayat et al., 2019). The difference was associated with the smaller size of 

MgO ENPs (they did not show the specific size for any ENPs) compared to Fe3O4 ENPs. It was 

also found that MgO ENPs improved soil structure, increased micro-porosity and reduced bulk 

density. While Fe3O4 ENPs only increased the tensile strength of the aggregates by strengthening 

the bonds between Fe and soil particles (Bayat et al., 2019).  

The cation exchange capacity (CEC) of soil depends on the charge and surface area. In agricultural 
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soils, CEC is a relevant parameter because it is an indicator of the soil´s ability to absorb nutrients, 

in other words, of their fertilization (Ben-Moshe et al., 2013; Das et al., 2018). Minimal studies 

have shown information on CEC in the presence of ENPs. De Souza et al. (2019) after adding 2000 

mg·L−1 of Fe3O4 ENPs in a clay-textured soil, determined an increase in the CEC by 17% (49.2 

meq·100 g−1) compared to control soil (42.2 meq·100 g−1) and for a concentration of 1000 mg·L−1 

the CEC increased by 9% (46.2 meq·100 g−1). While Diego Baragaño et al. (2020) treated a 

technosol soil with nZVI in a 97.5:2.5 soil:ENPs ratio and obtained null variations in the CEC. 

Apparently, the type of coating of ENPs is highly relevant in changes shown by CEC values. In 

relation to this, Das et al. (2018) obtained Ag ENPs through green synthesis using an extract plant 

leaf (Thuja occidentalis) (GENPs) and conventionally synthesized silver nanoparticles (CENPs). 

Both ENPs were added in concentrations of 20, 25, 50, and 100 mg·kg−1 to an alluvial soil, which 

increased the CEC values. The reason was because both ENPs increased soil porosity and water 

holding capacity (WHC), generating an increase in the stabilization rate of the OM. In addition, 

Ag GENPs caused an alteration in the soil ionization, increasing the reactive surface and the net 

negative charge. Likewise, an increase in CEC between 9.4% and 64.1% was reported for plowed 

soil with a dose range between 0.05-1.6%, w/w of nano-Fe3O4-modified biochar (J. Y. Zhang et 

al., 2020). Similarly, adding an nZVI-compost-biochar composite to the soil from northern Spain 

after 15 and 75 caused an increase in CEC by 7 and 6.8 times, respectively, regarding the control 

soil (Diego Baragaño et al., 2020). As a control treatment, they added a sand-nZVI mixture to the 

soil and the CEC values obtained were similar to the control soil, and thus it was concluded that 

the changes in CEC were not associated with ENPs, but rather they were caused by the presence 

of biochar. 

Soil pH is a factor that is directly related to soil fertility and health (Fajardo et al., 2015). The pH 
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values obtained in soils in the presence of ENPs are diverse. For example, studies carried out with 

SiO2 ENPs (Hanson et al., 2016), Ag ENPs (Das et al., 2018), phytogenic iron oxide nanoparticles 

(PION) (Lin et al., 2019), ZnO ENPs (Peng et al., 2020) CuO ENPs (Gao et al., 2017), Fe3O4 ENPs  

(Al-Sid-Cheikh et al., 2019) and ZnO and CuO ENPs (W. Zhang et al., 2020) have shown an 

increase in pH values. Specifically, Gao et al. (2017) used 10 mg·kg−1 CuO ENPs in sandy soil and 

determined that the pH ranged from 4.9 to 5 which is similar to the pH value to the control soil, 

while with 100 CuO ENPs (Cu mg·kg−1 dry soil) the pH increased from 5.1 to 5.4. The mechanism 

involved in pH increase was associated with the hydrolysis of CuO ENPs (it can also be applied 

for ZnO ENPs) caused by the water contained in the soil pores and represented by equations 2 and 

3.  

                                                           CuO(s) + H2O(l) ↔ Cu(OH)2(S)                                                 (2) 

                                                  Cu(OH)2(S) +  2H(aq)
+ ↔ Cu(aq)

2+ + H2O(l)                                                   (3) 

 Nanoscale zero valent iron (nZVI) have been widely used in studies of nano-remediation (Gil-

Díaz et al., 2016; Truskewycz et al., 2018). Therefore, a high amount of those ENPs can be 

incorporated in the natural soil systems. In this context, the addition of 10 mg·g−1 nZVI to soils 

taken from Hangzhou increased the pH between 0.1-0.4 units (Yalong Wang et al., 2021). These 

results were attributed to the corrosion process of nZVI in the environment, which is represented 

by equations 4 and 5 (Filip et al., 2019). 

                              2Fe(s)
0 + 4H(ac)

+ + O2(aq) → 2Fe(aq)
2+ + 2H2O(l)         E0 = +1670 mV         (4) 

                             Fe(s)
0  + 2H2O(l) → 2Fe(aq)

2+ + H2(g) +  2OH(aq)
−          E0 = −390 mV            (5) 

Subsequently, the released Fe2+ can be oxidized according to equations 6 and 7 (Kanel et al., 2005). 

                             2Fe(s)
2+ + 2H(aq)

+ + 1/2O2(aq) → 2Fe3+ + H2O(l)       E0 = +460 mV            (6) 

                             2Fe(s)
2+  + 2H2O(l) → 2Fe3+ + H2(g) + 2OH(aq)

−          E0 = −1600 mV         (7) 
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On the other hand, there are investigations where the changes in soil pH have been due to an indirect 

action of ENPs. In the study carried out by H. Zhang et al. (2020), Ag ENPs were added at 100 

mg·kg−1 to soils in the absence or presence of cucumber (Cucumis sativa) plants. After 60 days, 

soil pH was increased from 5.28 to 5.33 and from 5.18 to 5.26 for soil with and without the plant, 

respectively. These results were associated to the alteration of metabolites in the soil by exposure 

to Ag ENPs.  

There are also investigations that have reported a decrease in soil pH values after the incorporation 

of ENPs. For example, after adding CeO and TiO2 ENPs at 500 mg·kg−1 to Australian soils, the 

pH decreased between 0.1 and 0.3 (Duncan and Owens, 2019). While Zahra et al. (2019), 

determined that the rhizosphere pH decreased from 7.3 to 7.1 after the addition of 50 and 100 

mg·kg−1 TiO2 ENPs to the soil. These investigations did not provide information on the mechanism 

involved on the pH decrease, which can be explained due to the study objectives. 

In the presence of 2, 4, 6 g·kg−1 of Fe2O3 and Fe3O4 ENPs and nZVI, the pH decreased within a 

range of 0.4 to 0.8 units for red soil on the seventh day and 0.6 to 1.1 units in the Wushan soil on 

the second-day respect to control soils. The acidification of both soils was attributed to the 

hydrolysis of Fe3+ ions (equation 8) (D. M. Zhou et al., 2012). 

                                                         Fe3+ + 2H2O(l) → FeOOH +  3H+                                               (8) 

The changes in soil pH in the presence of ENPs are dependent on matrix properties. Mar Gil-Díaz 

et al. (2014) found that the pH increased from ≈ 5.4 to 7.6 after adding nZVI to acidic soil, while 

for a calcareous soil, it was ≈ 8.0 with and without ENPs. The null variation of pH values reported 

for calcareous soil was associated with the high carbonate content, which can buffer soil pH 

variations (CaCO3 = 0.15% for acid soil and 5.6% for calcareous soil) (Mar Gil-Díaz et al., 2014). 

After incorporation of CuO at 10, 100 and 1000 mg·kg−1 to two soils taken from Huizhou, it was 
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found that ENPs caused a greater pH increase in soil with less OM content. In addition, the Cu2+ 

ions released from ENPs to the solution progressed towards the formation of more stable species 

such as Cu2S and Cu(OH)2, which also increase soil pH (Shi et al., 2018).  

The soil redox potential (Eh) represents the oxidation-reduction reactions and depends on the 

presence of O2, precipitation, temperature, and OM content (W. Zhang et al., 2020). Eh in 

agronomy is an essential parameter due to influences in the functioning of the soil-plant-

microorganism system. Studies of Eh soils with and without ENPs have received low attention due 

to the interdependence between Eh and pH and the difficulty of reproducing, comparing and 

interpreting the results obtained (Husson, 2013). In soils, most of the metallic ENPs tend to oxidize; 

that is, they lose electrons which are captured by substances from external environment and as a 

consequence change the Eh values. nZVI are easily oxidized by O2 of the environment, forming 

Fe2+/Fe3+ species. At the same time, those cations can form a superficial shell-core in ENPs formed 

by different iron oxides (Carroll et al., 2013). As a consequence of this process, nZVI have been 

widely used to degrade organic pollutants such as chlorinated methane, ethanes, ethenes and 

benzenes, organochlorine pesticides, chlorinated phenols and to reduce inorganic pollutants such 

as AsV, Cd2+, CrVI, Pb2+ and Zn2+ (Li and Zhang, 2007). Vítková et al. (2018) investigated the effect 

of nZVI application on As, Cd, Pb, and Zn availability in the rhizosphere of metal(loid) 

contaminated soils and found that Eh for the control soil ranged between 310-410 mV. While after 

incubating the soil with As (15.9 g·kg−1) and nZVI at 1 wt%, the Eh increased after a week, but 

after 5 weeks, it decreased. The behavior was attributed to the presence of redox-active elements 

and their rapid reaction. Vítková et al. (2018) concluded that the variation of Eh is highly dependent 

on incubation time and doses of ENPs, which is associated with the amount of reactive mass of 

ENPs. 
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In the case of metal oxide ENPs, although elements are oxidized, they can influence the 

modification of the soil Eh. For example, mixed-valence of Fe3O4 ENPs, uncoated and dimercapto-

succinic acid (DMSA) coating were added in natural wetland organic-rich soil. The values obtained 

of Eh with ENPs were between 350 and 440 mV, while for soil control Eh fluctuated between 417 

and 457 mV (Al-Sid-Cheikh et al., 2019). Environmental conditions such as aerobic and anaerobic 

systems or flooding conditions are determining factors in the variations of Eh values. Studies on 

rice growth have related the variations in Eh values with the changes and transformations of  ENPs 

(Naja et al., 2009; Peng et al., 2017). Peng et al. (2017) determined that 1000 mg·kg−1 CuO ENPs 

during the maturation stage of the rice caused an Eh decrease of 202.75 mV compared to the control 

system. The reason was due to ENPs having catalytic properties; therefore, they can accelerate the 

generation of organic reducing substances. 

Recently, it was reported that the addition of treatments of 50, 100 and 500 mg·kg−1 ZnO, CuO and 

CeO2 ENPs, increased the Eh values from −222,67 mV (control soil) to −130 mV - −75 mV for all 

treatments (Peng et al., 2020). In particular, Eh values proved to be highly dependent on doses of 

ENPs. In addition, they evaluated flood conditions for 30 days, where due to the presence of ENPs 

the Eh value decreased. This trend was occasioned by the depletion of O2 in the soil due to microbial 

respiration and by producing organic reducing substances through the OM decomposition (Peng et 

al., 2020). Conversely W. Zhang et al. (2020) found that ZnO and CuO ENPs in flooding conditions 

in a paddy soil increased Eh values by about 20 ~ 30 mV. This result was explained because in 

flooding conditions ENPs could consume reducing substance (H+) (W. Zhang et al., 2020).  

Other factors that influence soil Eh values are related to the presence of stabilizing agents such as 

proteins, humic acid and chloride (Köser et al., 2017) and the effects of ENPs on soil 

microorganisms. In the case of Ag ENPs which have antimicrobial properties, it has been reported 
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that the variations shown by the Eh values have been a consequence of the decrease in soil 

microbiology (W. Zhang et al., 2020). 

The soil electrical conductivity (EC) is a measure of total soluble salts. Various investigations have 

reported that ZnO, CuO and CeO2 ENPs (Peng et al., 2017), CuO ENPs (Peng et al., 2020), TiO2, 

ZnO and CuO ENPs (W. Zhang et al., 2020) and TiO2 ENPs (Zahra et al., 2019) increased the EC 

values. For instance, Zahra et al. (2019) found that with 50 and 100 mg·kg−1 of TiO2 ENPs the EC 

values of the rhizosphere increased between 0.24 and 0.16 times in relation to the control soil. The 

reason was associated due to the fact that the dissolution process of ENPs causes an increase in the 

number of cations into solution. In the experiment carried out by García-Gómez et al. (2014), was 

evaluated the uptake and toxicity of ZnO ENPs in earthworms in spiked agricultural soils. At day 

0, the EC values were 284 µS·cm−1 and 216 µS·cm−1 for soil control and system ZnO ENPs + soil, 

respectively, while after 35 days the EC value for the control soil was 314 µS·cm−1, and for the 

system ZnO ENPs + soil was 283 µS·cm−1. The increase in the EC values obtained with the 

exposure time was related with the solubilization of ENPs in the medium. There are also studies 

where a decrease in EC values has been reported due to the presence of ENPs. In a study realized 

by García-Gómez et al. (2015) in soils located near Madrid, the EC decrease was associated with 

the capacity of ZnO ENPs and/or the cations released from ENPs to combine with cations or anions 

contained in the soil. Similarly, after applying ZnO and SiO2 ENPs (2 and 6%, respectively) in 

saline soils Kheir et al. (2019) reported a slight decrease in EC values compared to the control soil. 

Notwithstanding, in this case the reasons involved in the EC values obtained were not explained. 

There are studies where the addition of Ag ENPs caused null effects on EC values used (Gil-Díaz 

et al., 2017; Kumari et al., 2017; Montes de Oca-Vásquez et al., 2020), which has been related to 

the low doses of ENPs used. Particularly, Ag ENPs are highly stable, so that during the time of 
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laboratory experiments, it is unlikely that they undergo oxidation processes and release cations to 

the soil solution (Cornelis et al., 2012). Fabrega et al. (2009) found that in a concentration range 

between 2- and 2000 µg·L−1 of Ag ENPs, less than 2% was solubilized. Likewise, the stability of 

ENPs was increased when stabilizers were used such as PVP (Cornelis et al., 2012) and citrate 

(Coutris et al., 2012).  

The most productive agricultural soils, such as those derived from volcanic ash, contain a high 

percentage of OC. Several studies have evaluated the effect of DOC on the toxicity, transformations 

and mobility of ENPs (Chowdhury et al., 2013; Collin et al., 2014; Quigg et al., 2013; Van Koetsem 

et al., 2018). It is known that DOC can be adsorbed on the surface of ENPs, preventing the release 

of ions from them. In addition, this process generates a decrease in the toxicity of ENPs (Klitzke 

et al., 2015). The adverse effect is that high concentrations of DOC adsorbed on the surface of 

ENPs improve their stability (Oldham et al., 2017; Ren et al., 2017). This is due to the fact that the 

mechanism that exists between ENPs is electrostatic and/or steric repulsion and, as a consequence, 

decreases the aggregation rate and the residence time of ENPs in the soils, increasing the possibility 

of moving towards other natural systems such as subterranean waters and rivers (Van Hoecke et 

al., 2011). 

The effects caused by the presence of ENPs on DOC are diverse. In a study conducted using soils 

taken near to a mine in Hunan and treated with 9% PION (Lin et al., 2019), it was found that the 

DOC increased between 1.54 and 2.81 times in relation to the system without ENPs. These results 

were related to the nature of ENPs, because Excoecaria cochinchinensis, which was used as a 

reducing agent for ENPs, contains a large amount of organic biomolecules, which can be easily 

decomposed/degraded by soil microorganisms (Lin et al., 2019). Zahra et al. (2019) after 

investigating the effect of concentrations of 50 mg·kg−1 and 100 mg·kg−1 of TiO2 ENPs in soils of 
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China found a dual behavior. This was due to 50 mg·kg−1 of TiO2 ENPs reduced the DOC by 11.6% 

and 100 mg·kg−1 of TiO2 ENPs increased the DOC by 25.5%. Specifically, the increase in DOC 

was explained by two reasons: (i) root-microbe interactions can stimulate roots to secrete a greater 

amount of exudate, and (ii) roots with a high quantity of ENPs can cause stress to the plant, 

inducing the release of more exudates. 

In the soil, microorganisms are responsible for regulating OM decomposition and nutrient 

mineralization. However, some studies have indicated that ENPs, due to their catalytic and/or 

antimicrobial properties or due to a decrease in soil pH, can decrease soil organic matter (SOM) 

content (Duncan and Owens, 2019; Gueye et al., 2016). Among the metal oxide ENPs that show 

those properties are Ag, nZVI, TiO2, ZnO and CuO (Rashid et al., 2017; Shi et al., 2018). For 

example, M. I. Rashid et al. (2017) studied the effect of ZnO ENPs (1000 mg·kg−1 soil) on soil 

microbes and their associated soil functions, such as date palm (Phoenix dactylifera) leaf litter in 

sandy soil. They found that with amended litter-ENPs reduced carbon mineralization by 130% 

compared to the litter-amended soil. The reason was due to the soil with amended litter-ENPs had 

a lower number of colonies of bacteria and heterotrophic cultivable fungi in relation to soil litter-

only application. Whereas Shi et al. (2018) after flooding a paddy soil for 60 days with a 

concentration of 1000 mg·kg−1 of CuO ENPs, it was found that the mineralization of OM was 

accelerated, as well as increasing the Fe reduction process, and thereby increasing the content of 

Fe2+ in a 293%. 

On the other hand, studies using concentrations of 10 and 100 mg·kg−1 CeO2, Fe3O4 and SnO2  

ENPs (Vittori Antisari et al., 2013), 1000 mg·kg−1 soil ZnO ENPs (M. I. Rashid et al., 2017) 10 

and 100 mg·kg−1 Ag ENPs (Carbone et al., 2014) and 1% (w/w) Fe3O4 and CuO ENPs:soil (Ben-

Moshe et al., 2013) have determined null changes in total OM content. The reason was mainly 
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related to the low amount of added ENPs. Particularly, Ben-Moshe et al. (2013), added Fe3O4 and 

CuO ENPs to a Red Sandy clay loam and Rendzina soil, and after 48 h they indicated that expected 

those results because to OM mineralization are required powerful oxidizing agents and prolonged 

exposure times, which was the opposite of the conditions under which they developed their study. 

1.5. Effect of metallic and metal oxide ENPs on phosphorus availability 

The phosphorus (P) in the environment exists as H3PO4, H2PO4
−, HPO4

2−, PO4
3−, whose 

dissociation constants are:pK1=2.21, pK2 = 7.21, y pK3 = 12.67, respectively (Nagoya et al., 2019). 

In agricultural soil, phosphate (H2PO4
− and HPO4

2−) is crucial to plant growth and microorganisms, 

whose availability may be affected by the deposition of pollutants, including ENPs (Baysal et al., 

2019). Various investigations carried out in aqueous systems have reported that phosphate can be 

adsorbed on ENPs like CeO2 (Dahle et al., 2015), magnetic iron oxide (Yoon et al., 2014), nZVI 

(Eljamal et al., 2016; Wen et al., 2014), ZnO (Su et al., 2013), bimetallic Fe/Cu (Takami et al., 

2019), and TiO2 (Bellani et al., 2020). Regarding the mechanism, it has been established that the 

interaction between phosphate and active sites of different ENPs was a chemical; that is, the 

bonding is relatively irreversible. Furthermore, those reports suggest that cations released from 

ENPs can form complexes and/or precipitates with phosphate. Although those investigations were 

not carried out in soils, they could be an approach to what could happen in the soil matrix. The 

study carried out by Moharami and Jalali, (2015), found that Al2O3 and Fe3O4 ENPs increased the 

phosphate adsorption on calcareous soil. In addition, the presence of ENPs favored the transfer of 

phosphate from the HCl-P fraction to the Res-P and NaOH-P. Therefore, they concluded that the 

bioavailability of phosphate decreased due to the addition of ENPs (Moharami and Jalali, 2015). 

In the same way, Koopmans et al. (2020), using ferrihydrite of a size between 2-3 nm and surface 
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area about 5.4 m2·g−1, determined that the concentration of phosphate in the 0.01 M CaCl2 soil 

extracts decreased. 

One of the ENPs that is most likely to reach agricultural soils are ZnO ENPs because Zn is a 

necessary micronutrient for plants (Yusefi-Tanha et al., 2020). The interaction between PO4
3− and 

ZnO ENPs is related to the release of ions from ENPs, and subsequently forms a micrometer scale 

crystalline zinc phosphate and a nanoscale amorphous Zn3(PO4)2 shell (Rathnayake et al., 2014). 

Likewise, Zn is one of the essential structural components of the enzymes phytase and phosphatase, 

which participate in the mobilization of native phosphorus. Studies carried out by Verma et al. 

(2021) found that the addition of ZnO ENPs increased the secretion of P mobilizing enzymes and 

as a consequence increased the concentration of phosphate available in the soil. Thus, the effect of 

ENPs on the availability of P is regulated by both direct and indirect factors. Similarly, when TiO2 

and Fe3O4 ENPs were added to a sandy-loam soil, the phyto-availability of the P in the near of the 

rhizosphere increased. This was associated with the acidification produced by the exudation of 

organic acids of lactuca sativa roots (Zahra et al., 2015). A similar mechanism was proposed for 

an increase in the concentration of available phosphate in the presence of nZVI (Yoon et al., 2019) 

and for CeO2 ENPs (Duncan and Owens, 2019). According to what was reported by Feng et al. 

(2017), composites of CeO2 ENPs-functionalized maize straw biochar (CeO2-MSB) decreased the 

total phosphorus concentration of surface water by 27.33% and increased the total phosphorus 

content (TP) of the upper soil layer by 7.22%. Although this indeed caused an increase in P 

adsorption, it could be interesting to establish that the interaction between P and soil caused an 

increase in the height of the rice plant and the foliar area. Therefore, CeO2-MSB could be used to 

reduce the risk of phosphorus loss from the surface of rice fields. 
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1.6. Conclusion and perspectives  

The main routes of deposition of metallic and oxide metal ENPs to agricultural soils are 

agrochemicals (intentional) and residual sludge (involuntary). Diverse information exists about the 

processes and transformations that ENPs suffer in soil system. However, few studies have been 

carried out to investigate the effects of metallic and oxide metal ENPs on the modifications of the 

physical and chemical properties and the concentration of nutrients available in the solution of 

soils.  

In general, the presence of metallic ENPs in soils can compact the particles, helping to improve 

their rigidity, as well as causing both a decrease and an increase in pH, electrical conductivity, 

redox potential, and soil organic matter mineralization. These results would be dependent on the 

soil properties and the doses, concentrations and type of ENPs. Furthermore, the presence of ENPs 

can adsorbing P decreasing its concentration available in soil solution or stimulate the microbiota 

associated to P cycling and consequently increased the concentration of P available. While, the 

cations released from ENPs in soils can interact with P forming complexes or precipitates. To date, 

there are no studies that have evaluated the effect of ENPs on P availability in volcanic soils. For 

this reason, it is suggested that those studies should begin. 
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Hypothesis 

“The increase of copper or silver engineered nanoparticles deposited on soil will decrease the 

phosphorus availability in a volcanic soil” 

 

General goal 

To evaluate the effect of copper or silver engineered nanoparticles on the availability of phosphorus 

in a volcanic soil through sorption studies. 

 

Specific goals  

1. To characterize the structure and morphology of engineered nanoparticles using multiple 

techniques spectroscopic.  

2. To determine the effect of factors (pH solution, soil organic matter content, soil particle size) 

on phosphorus sorption processes in a volcanic soil when applying different doses of copper or 

silver engineered nanoparticles.  

3. To evaluate the adsorption data with kinetic and isotherm mathematical models. 
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Chapter II: Describing phosphorus sorption processes on volcanic soil in the presence of 

copper or silver engineered nanoparticles 

Abstract   

Engineered nanoparticles (ENPs) present in consumer products are being released into the 

agricultural systems. There is little information about the direct effect of ENPs on phosphorus (P) 

availability, which is an essential nutrient for crop growth naturally occurring in agricultural soils. 

The present study examined the effect of 1, 3, and 5% doses of Cu or Ag ENPs stabilized with L-

ascorbic acid (suspension pH 2–3) on P ad- and desorption in an agricultural Andisol with total 

organic matter (T-OM) and with partial removal of organic matter (R-OM) by performing batch 

experiments. Our results showed that the adsorption kinetics data of H2PO4
− on T-OM and R-OM 

soil samples with and without ENPs were adequately described by the pseudo-second-order (PSO) 

and Elovich models. The adsorption isotherm data of H2PO4
− from T-OM and R-OM soil samples 

following ENPs addition were better fitted by the Langmuir model than the Freundlich model. 

When the Cu or Ag ENPs doses were increased, the pH value decreased and H2PO4
− adsorption 

increased on T-OM and R-OM. The H2PO4
− desorption (%) was lower with Cu ENPs than Ag 

ENPs. Overall, the incorporation of ENPs into Andisols generated an increase in P retention, which 

may affect agricultural crop production. 

Keywords: adsorption; engineered nanoparticles; organic matter; phosphorus; nutrients; pollution; 

volcanic soil
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2.1. Introduction  

In the past decade, the incorporation of engineered nanoparticles (ENPs) into consumer products 

(Ramyadevi et al., 2012; Shah et al., 2016) has led to a significant increase in their turnover from 

$250 billion in 2009 to $3 trillion in 2020 (Roco et al., 2011). Two of the most widely used ENPs 

in consumer products are metallic copper (Cu) and silver (Ag), due to their antibacterial properties. 

Cu ENPs are added to biocides, electronics, paints, cosmetics, agrochemicals, ceramics, and film 

(M. Li et al., 2017; Roco et al., 2011; Shah et al., 2016), whereas Ag ENPs are used in textiles, air 

filters, bandages, paints, food storage containers, agrochemicals, deodorants, toothpaste, and 

household appliances (Baskar et al., 2015). Thus, as a consequence of extensive and diverse 

commercial applications, these ENPs can be released into the environment. Soil is the main sink 

of disposal for most of the released ENPs (Boxall et al., 2007). Adverse effects on human health 

and ecosystems may be expected, making it necessary to improve our current understanding of 

environmental risks, fate, transformations and aggregation behaviors of metallic ENPs (Conway et 

al., 2015). 

The geochemistry of metallic Cu and Ag ENPs in soils is complex, due to their chemical 

transformation between Cu0, Cu+ and Cu2+ as well as between Ag0 and Ag+, respectively (Li et al., 

2017; Shah et al., 2016), also due to their strong binding capacity to various soil components like 

clay minerals, organic matter, microorganisms, among others. Transformations of metallic ENPs 

in soil include oxidation, dissolution, and sulfidation. Over time, Cu ENPs can be oxidized in the 

soil to form CuO (tenorite) and Cu2O (cuprite) nanoparticles with a core-shell structure. Any of 

these, both forms of copper oxide nanoparticles, can dissolve and release cuprous and/or cupric 

ions into solution (Kent and Vikesland, 2016). Meanwhile, the Ag ENPs show a slow oxidation 
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process, which can be promoted in acid soils. The metallic ENPs oxidation in soils can be 

diminished when organic molecules are used as stabilizing agents (Liu and Hurt, 2010). 

Transformation on metallic ENPs is an important consideration to developing risk assessments of 

ENPs (M. Li et al., 2017; Liu and Hurt, 2010). 

Several studies have intended to determine the effects caused by ENPs on soil properties. In these 

studies, it has been shown than due to metallic Cu and Ag, ENPs are characterized by a high surface 

area and chemical reactivity, variable surface charge and chemical transformation (Ben-Moshe et 

al., 2013). Once in contact with soil, ENPs may therefore modify their structural and physico-

chemical properties such as pH, electric conductivity, redox potential, porosity, and hydraulic 

conductivity (Bayat et al., 2019; Ben-Moshe et al., 2013; Torrent et al., 2019). This could affect 

reactions and processes of elements in soil, such as precipitation, dissolution, co-precipitation, 

complexation, oxidation/reduction, plant uptake, and ad- and desorption. Particularly, ad- and 

desorption are important because they control the availability and mobility of contaminants and 

nutrients (Ben-Moshe et al., 2013). In this context, Taghipour and Jalali, (2015) reported that metal 

oxide ENPs (Al2O3 and TiO2) caused immobilization of phosphorus (P) in calcareous soils from 

Hamadan, Western Iran, and reduced the bioavailability of P. 

In volcanic soils (Andisol and Ultisol), P is an essential crop macronutrient and this soil contains 

between 1000 and 3500 mg·kg−1 (Escudey et al., 2001). However, P availability for plant growth 

is limited because it can form inner-sphere complexes by ligand exchange with surface -OH and -

OH2
+ groups of soil components like ferrihydrite, imogolite, allophane, and Al(Fe)-humus 

complexes (Borie et al., 2019; Mora et al., 1992; Wang et al., 2015). Numerous studies have 

focused on P availability in volcanic soils considering the effects on soils of fertilizers (Paredes et 
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al., 2011), liming (Mora et al., 2002), microorganisms (Jorquera et al., 2008; Osorio and Habte, 

2014), enzymes (Calabi-Floody et al., 2012), inorganic/organic ligands (Jara et al., 2006), specific 

surface area (Vistoso et al., 2012), surface charge (Cartes et al., 2015), organic matter content 

(Vistoso et al., 2009), and pH and mineralogy (Pigna et al., 2007). 

In relation to effects caused by ENPs in volcanic soils, no studies have assessed the influence of 

metallic ENPs on the adsorption of nutrients. In this context, the aim of this research was to evaluate 

the effect of Cu or Ag ENPs on phosphorus sorption processes in volcanic soils and its relationship 

with organic matter content. Overall, the results provide new information about the implication of 

ENPs for nutrient availability in soils. 

2.2. Material and methods  

2.2.1. Chemicals used 

The reagents used were CuCl2·2H2O, AgNO3, L-ascorbic acid, KH2PO4, KCl, HCl, and KOH 

(analytical grade, Merck) and double-distilled water. The pH electrode (Orion Star A211 pH 

Benchtop Meter, Thermo Fischer Scientific Beverly, MA, USA) was calibrated using standard 

buffers of 4.01, 7.01, and 10.01 (Hanna, Woonsocket, RI, USA). 

2.2.2. Synthesis of Cu and Ag ENPs  

CuCl2·2H2O and AgNO3 were used for the formation of Cu, and Ag ENPs, respectively, and L-

ascorbic acid was added as a reducing and capping agent (Xiong et al., 2011). Cu ENPs (or Ag 

ENPs) was synthesized by mixing 10.0 mmol·L−1 CuCl2·2H2O (or 10.0 mmol·L−1AgNO3) in 50 

mL double-distilled water. An Erlenmeyer flask (100 mL), containing the CuCl2·2H2O (or AgNO3) 

solution, was heated in a water bath at 80 °C with magnetic stirring; 50 mL of L-ascorbic acid (1.0
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 mol·L−1) was added dropwise into the flask while stirring. The aqueous dispersion of stabilized 

Cu ENPs (or Ag ENPs) obtained was kept at 80 °C for 24 h and it was finally saved to ambient 

conditions for later research. 

2.2.3. Soil samples  

The soil used was an Andisol belonging to Santa Barbara series from Southern Chile (36°50’S; 

71°55´W). The soil was collected from the top 20 cm depth of the soil horizon. The soil was passed 

through a <2 mm mesh sieve and freeze-dried (total organic matter soil sample = T-OM). For 

partial removal of organic matter (OM), the T-OM soil sample was treated several times with H2O2 

until adding did not result anymore in air bubbles emanating from the aqueous solution and 

maintained at 40 °C in a thermoregulated bath (Siéwé et al., 2015). The resulting sample was then 

washed four times with double-distilled water (partial removal of OM soil sample = R-OM). 

Finally, both soil samples were freeze-dried and stored at 4 °C. 

2.2.4. Characterization of Ag and Cu ENPs 

The synthetized Cu and Ag ENPs were characterized using transmission electron microscopy 

(TEM) on a Hitachi model HT7700 (Hitachi, Tokyo, Japan) with Olympus camera (Veleta 2000 × 

2000) using high resolution mode at 120 kV. The TEM images obtained were analyzed manually 

to calculate the particle size with the ImageJ program (version 1.50i, Wayne Rasband, National 

Institute of Health, Bethesda, Maryland, USA). The ultraviolet-visible (UV–Vis) spectra was 

recorded with a double-beam Rayleigh UV-2601 spectrophotometer (BRAIC Co. Ltd., Beijing, 

China) using 1 cm path length glass cell. The zeta potential (ZP) of Cu and Ag ENPs (25 mg) was 

measured in the presence of 10 mL KCl 0.01 M using a Nano ZS apparatus (Malvern Instruments,
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Worcestershire, UK) at 20 °C and the isoelectric point (IEP) was obtained from graphs of ZP versus 

pH. The fourier-transform infrared spectroscopy (FT-IR) were recorded with a 1 mL of ENPs 

suspension. FT-IR analysis was realized using a Cary 630 spectrometer (Agilent Technologies, 

Santa Clara, California, USA). The transmission spectrum was acquired with 4 cm−1 resolution and 

the operating range was 600 cm−1 to 4000 cm−1 at atmospheric pressure and 20 °C. The pH of the 

suspensions of ENPs was measured with 10 mL using a pH Meter. 

2.2.5. Characterization of soil samples 

The morphological characteristics of both soil samples were obtained by scanning electron 

microscopy with a STEM SU-3500 transmission module (Hitachi, Tokyo, Japan) and the 

QUANTAX 100 energy-dispersive X-ray spectrometer detector (EDX), (Bruker, Berlin, Germany) 

was used for the semi-quantitative analysis of the elemental composition (Al, Si, and Fe content). 

20 mg of each soil sample were deposited onto 300-mesh Formvar/carbon-coated grids and were 

inspected under a high-vacuum. Confocal analysis was performed by laser scanning confocal 

microscopy (LSCM) using the Olympus Fluoview1000 (Olympus Optical Co., Melville, New 

York, NY, USA). 50 µL of the suspensions were collocated on a microscope slide with a 

micropipette and the sample was dried on a stove at 40 °C. The total organic carbon (TOC) of T-

OM and R-OM soil samples was calculated using a Shimadzu TOC-V CPH instrument (Shimadzu, 

Tokyo, Japan). The TOC was transformed into soil organic matter content using the conversion 

factor of 1.72 (Khatoon et al., 2017). The specific surface area of R-OM and T-OM soils was 

obtained using the Brunauer, Emmett and Teller (BET) theory. Approximately 200 mg of soil 

sample was degassed for 2 h at 105 °C and then was conducted using N2 gas at −196 °C in the 

relative pressure range (P/P0) of 0.05–0.4. Surface area measurements were made with a 

Quantachrome Nova 1000e analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The 
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average pore volume and size were obtained using the Barrett-Joyner-Halenda (BJH) model. For 

the FT-IR absorption spectrum, soil samples were dried at 50 °C for 12 h to eliminate the 

interference produced by the absorption of the water molecules. To determine the functional groups 

in both soil samples, the analysis was performed under similar conditions to the ENPs. Soil pH was 

determined in 1:2.5 soil: double-distilled water ratio after 5 min shaking and 120 min resting, using 

the same pH Meter used for ENPs determination. Total P was extracted from the soil samples by 

alkaline oxidation with sodium hypobromite (NaBrO) (Dick and Tabatabai, 1976). After each 

extraction, the supernatant was filtered (5C, Advantec) and then the concentration of total P in the 

supernatant was determined using a spectrophotometer Rayleigh UV-2601 with a wavelength of 

880 nm (Murphy and Riley, 1962). Exchangeable Al was extracted with KCl (1 M) and measured 

using a Unicam model Solaar 969 atomic absorption spectrophotometer (AAS) (Unicam Ltd, 

Cambridge, UK). Exchangeable base cations (Na, K, Mg and Ca) in soils were extracted using 

NH4Ac (1 M, pH 7.0) and were measured by AAS (Sadzawka et al., 2006). Effective cation 

exchange capacity (ECEC) was calculated as the sum of exchangeable Al plus the exchangeable 

base cations (Sadzawka et al., 2006). 

The ZP and IEP of the soil samples were determined pre- and post-adsorption of H2PO4
− on T-OM 

and R-OM soil samples in the presence and absence of 5% Cu or Ag ENPs using the high point 

adsorption isotherms similar to the procedure followed by ENPs. 

2.2.6. Adsorption experiments  

Batch experiments were conducted to investigate the adsorption of phosphate (indicated as H2PO4
−) 

on T-OM and R-OM soil samples in the absence and presence of 0, 1, 3, and 5% Cu or Ag ENPs  

doses (% w/w). Cu or Ag ENPs doses were added to 0.5 g (dry weight) of soil samples in 

polyethylene tubes and mixed with 20 mL H2PO4
− solution. 
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The adsorbed amounts of H2PO4
− (qt, mmol·kg−1) were determined as the difference between initial 

concentration and final concentration of H2PO4
− in the solution (Equation 9). 

                                                                 qt =
(𝐂𝟎− 𝐂𝐭)𝐕

w
                                                         (9) 

where, Co is the initial concentrations of H2PO4
− and Ct is the concentrations of H2PO4

− at time t or 

the equilibrium concentration (mmol·L−1), w the weight (kg) of the soil and V is the volume (L). 

To evaluate the pH effect on the adsorption of H2PO4
− onto T-OM and R-OM soil samples, stock 

solutions of 6.47 mmol·L−1 of H2PO4
− were prepared with double-distilled water at pH ranging 

from 4.5 to 8.5 by adding 0.1 M HCl or KOH and ionic strength 0.01 M KCl (background 

electrolyte). The H2PO4
− solutions were added to soil samples with and without ENPs and were 

stirred at 200 rpm for 24 h at 20 ± 2 °C. For the kinetic study, the initial solution of 6.47 mmol·L−1 

of H2PO4
− was adjusted to pH 5.5 ± 0.2 by adding 0.1 M HCl or KOH at ionic strength 0.01 M KCl 

and 20 ± 2 °C. Samples were taken from the suspension at 2.5, 5, 10, 30, 45, 60, 120, 180, 360, 

720, and 1440 min, and H2PO4
− was determined in solution. Furthermore, the initial pH (pHi) and 

the final pH (pHf) were measured after H2PO4
− solution was added to soil samples (time 0 min) 

and after H2PO4
− adsorption (1440 min), respectively. Adsorption isotherms were obtained by 

varying the initial H2PO4
− concentrations from 0.016 to 9.71 mmol·L−1 and were initially adjusted 

to pH 5.5 ± 0.2 and ionic strength 0.01 M KCl. 

 The suspensions were stirred at 200 rpm in an orbital shaker at 20 ± 2 C for 24 h. To determine 

the effect of copper (Cu2+) or silver cations (Ag+) or L-ascorbic acid on H2PO4
− adsorption onto  

T-OM and R-OM soil samples, adsorption isotherms were made in the presence of 3% Cu2+ or Ag+ 

or L-ascorbic acid (% w/w) under the aforementioned experimental conditions. 
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The desorption experiment was performed once the adsorption isotherm procedure had ended by 

adding 20 mL of double-distilled water three times, and the samples were then stirred at 200 rpm 

in an orbital shaker at 20 ± 2 °C for 24 h. The desorption percentages (%) were calculated by the 

equation used by Silva-Yumi et al. (2018). All the samples of the adsorption experiments were first 

centrifuged at 10,000 rpm for 10 min, using a centrifuge RC-5B Plus (Sorvall, Newtown, CT, USA) 

and then filtered through 0.22 μm syringe filters. In all experiments, the concentration of H2PO4
− 

in the supernatant was determined according to the procedure followed for total P. To minimize 

manipulation errors in the analysis, the adsorption experiments were performed in triplicate. 

2.2.7. Data analysis  

The kinetics adsorption (e.g., pseudo-first-order, pseudo-second-order, and Elovich) and isotherm 

(e.g., Langmuir and Freundlich) models used in this study are presented in Tables 5 and 6, 

respectively. 

 

Table 5. The kinetic models used for the description of phosphate adsorption. 

*From PSO initial adsorption rate (h), can be calculated by multiplying k2qt
2 (mmol·kg−1·min−1). 

 

 

Kinetic equations Expression Formula Parameters References 

Pseudo-first-order 

(PFO) 
qt = qe(1 − e−k1 t) 

qt = amount of anion adsorbed at any 

time (mmol·kg−1). 

qe = amount of anion adsorbed at 

equilibrium (mmol·kg−1). 

k1 = PFO rate constant (min−1). 

k2 = PSO rate constant 

(kg·mmol−1·min−1). 

t = time (min) 

(Febrianto et 

al., 2009; Lin 

and Wang, 

2009). 

Pseudo-second-

order (PSO)* 
qt =

k2qe
2t

1 + k2qet
 

Elovich qt =
1

β
ln (1 + αβt) 

α = initial rate constant 

(mmol·kg−1·min−1). 

β = number of sites available for the 

sorption and desorption constant 

(mmol·kg−1). 
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Table 6. The isotherm models used for the description of phosphate adsorption. 

Isotherm 

equations 
Expression formula Parameters References 

Langmuir qe =
qmKLCe

1 + KLCe
 

qe = Amount of adsorbed anion per unit 

mass of the adsorbent at equilibrium 

(mmol·kg−1). 

qmax = Maximum adsorption capacity 

(mmol·kg−1). 

Ce = concentration of anion at 

equilibrium in the solution (mmol·L−1). 

KL = Constant related to the affinity 

(L·mmol−1). 

KF = Freundlich adsorption coefficient 

((mmol·kg−1) (L·kg−1)1/n). 

n = Adsorption intensity (1 < n < 10). 

(Silva-Yumi et al., 

2018; Wang and 

Guo, 2020). Freundlich qe = KFCe

1
n⁄

      

 

The data were evaluated through the coefficient of determination (r2), adding the Chi-square (χ2) 

(equations 10 and 11). The lowest χ2 and highest r2 values were used as the best fit (Wang and Guo, 

2020). The statistical analysis of the adsorption data was conducted using Origin Pro 8. 

                                 r2   = ∑
(qe,mean − qe,cal)

2

(qe,cal − qe,mean)2 + (qe,cal − qe,exp)2
                                          (10) 

                                                  χ2 = ∑
(qe,exp − qe,cal)

2

qe,cal
                                                                   (11) 

where, qe,mean is the average value of experimental adsorption capacity (mmol·kg−1), qe,cal is the 

equilibrium capacity from a model (mmol·kg−1) and qe,exp is the experimental adsorption capacity. 
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2.3. Results 

2.3.1. Characterization of Cu and Ag ENPs and soil 

The size, morphology, surface charge and the presence of functional groups on the surface of 

prepared ENPs were determined by TEM images, UV-Vis, ZP and FT-IR analyses. TEM images 

showed that both ENPs had spherical morphology (Figure 2a and b). The Cu ENPs had a diameter 

between 8 and 29 nm, whereas Ag ENPs showed a diameter between 7 and 27 nm (Figure 3a and 

b). 

 

Figure 2. TEM images L-ascorbic acid-stabilized (a) Cu and (b) Ag ENPs. 

Figure 3. Histograms with the corresponding particle size distribution for L-ascorbic acid-

stabilized (a) Cu and (b) Ag ENPs.
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The UV-Vis spectra of Cu and Ag ENPs showed an extended peak in the range of 342–512 and 

337–474nm, respectively (Figure 4). 

 

 

 

 

 

 

 

 

 

Figure 4. UV-Vis absorption spectra for L-ascorbic acid-stabilized Cu and Ag ENPs.  

 

The FT-IR spectra for pure L-ascorbic acid showed a band corresponding to a stretching vibration 

carbon–carbon double bond at 1674 cm−1 and the peak of enol hydroxyl at 1322 cm−1 (Figure 5a). 

After the reduction of Cu2+ and Ag+ by L-ascorbic acid, the peaks disappeared and new peaks at 

3481 cm−1 and 1636 cm−1 were observed (Figure 5b and c), which were associated with the 

conjugated hydroxyl and carbonyl groups, respectively. The pH of Cu and Ag ENPs suspension 

was 2.46 and 2.35, respectively. The IEP of Cu ENPs was 2.7, whereas Ag ENPs had a negatively 

charged surface in the studied pH range (Figure 6). 
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Figure 5. FT-IR spectra of (a) Pure L-ascorbic acid, (b) L-ascorbic acid-stabilized Cu ENPs and 

(c) L-ascorbic acid-stabilized Ag ENPs. 
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Figure 6. Zeta potential of L-ascorbic acid-stabilized Cu and Ag ENPs in 0.01 M KCl. 

Pure L-ascorbic acid 

4000 3500 3000 2500 2000 1500 1000

60

72

84

96

108

L-ascorbic acid-stabilized Cu ENPs
25

50

75

100

L-ascorbic acid-stabilized Ag ENPs

4000 3500 3000 2500 2000 1500 1000

25

50

75

100

13221674

 

Wavenumbers (cm-1)

1636

3481

3481

1636

 

T
ra

n
s
m

it
a
n

c
e
 (

%
)

c)

b)

a)

 

 

 



  

Chapter II: Describing phosphorus sorption processes on volcanic soil in the presence of ENPs 

 

50 

 

The T-OM and R-OM were a typical Andisol exhibiting acidic characteristics showing pH values 

of 5.40 (strongly acidic) for T-OM and 6.20 (slightly acidic) for R-OM (Table 7). Total P and OM 

in T-OM were 1.8 and 3.1 times higher as compared to R-OM, whereas the Al and Fe contents for 

R-OM were 1.2 and 1.4 times higher than T-OM. The SEM images revealed a decreased number 

of aggregates in R-OM compared to T-OM (Figure 7a and b). The contrasting OM content was 

also indicated in confocal images (Figure 7c and d) by a higher green fluorescence intensity for T-

OM as compared to R-OM images. 

 

Table 7. Physico-chemical properties of soil with total organic matter (T-OM) and with partial 

removal of matter (R-OM). 

Parameter T-OM R-OM 

pH (H2O) 5.4 ± 0.0 6.2 ± 0.0 

Total P (mg·kg−1) 1766.4 ± 27.0 996.6 ± 15.0 

Si (%) 15.9 ± 3.5 16.3 ± 2.9 

Al (%) 11.7 ± 1.1 14.1 ± 1.5 

Fe (%) 7.5 ± 0.6 10.5 ± 1.2 

OM (%) 14.1 ± 0.1 4.6 ± 0.1 

ECEC (cmol(+)·kg−1)* 8.8 ± 0.5 7.8 ± 0.0 

Isoelectric point 3.2 5.7 

BET- specific surface area (m2·g−1) 17.4 24.4 

Average pore volume (cm3·g−1) 0.002 0.023 

Average pore diameter (A) 10.7 10.4 

             *ECEC: Effective cation exchange capacity 

 

 

 

 

 



  

Chapter II: Describing phosphorus sorption processes on volcanic soil in the presence of ENPs 

 

51 

 

 

Figure 7. SEM analysis to soil with (a) total organic matter (T-OM) and (b) partial removal of 

organic matter (R-OM) and confocal images to soil with (c) T-OM and (d) R-OM. 

 

The IEP for T-OM was 3.2, while it was 5.7 for R-OM. Furthermore, the BET-specific surface area 

and pore volume increased 1.4 and 11.5 times for R-OM in comparison to T-OM. The FT-IR 

analysis (Figure 8) showed that R-OM had bands at 1003 cm−1 and 913 cm−1 corresponding to 

alumina and silica-rich allophane, respectively, while T-OM only showed the band at 1003 cm−1 

(Siéwé et al., 2015). T-OM had more effective cation exchange capacity (ECEC) than R-OM 

(Table 7). 
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Figure 8. FT-IR spectrum for soil samples with (a) total organic matter (T-OM) and (b) partial 

removal of organic matter (R-OM). 

 

2.3.2. H2PO4
− adsorption on soils with and without Cu or Ag ENPs  

2.3.2.1. Effect of pH solution 

Figure 9 shows the effect of the H2PO4
− pH solution between 4.5–8.5 on H2PO4

− adsorption on T-

OM and R-OM soil samples in the presence and absence of ENPs.  
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Figure 9. Initial pH effect of the solution on the adsorption of H2PO4
− in the presence of Cu ENPs 

on soil with (a) total organic matter (T-OM) and (b) partial removal of organic matter (R-OM) and 

Ag ENPs on soil with (c) T-OM and (d) R-OM. 

 

The H2PO4
− adsorbed on T-OM decreased slightly with increasing pH without and with ENPs. 

When Cu or Ag ENPs content increased, the H2PO4
− adsorption on T-OM was 1.4–1.8 times higher 

than without ENPs (Figure 9a and c). In addition, the H2PO4
− adsorption on R-OM increased with 

increased Cu ENPs doses, but with Ag ENPs showed no changes (Figure 9b and d). 
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2.3.2.2. Adsorption kinetics 

The kinetic studies are shown in Figure 10. We observed that increasing in contact time at pH 5.5 

as well as in the presence of Cu or Ag ENPs there was a subsequent increase in the adsorption of 

H2PO4
− in T-OM and R-OM soil samples. It was also shown that adsorption comprised a fast initial 

phase at 45 min, followed by a slower rate stage until equilibrium was reached at 360 min for T-

OM and at 720 min for R-OM, whereas with ENPs for most systems it was reached at 720 min. 

Figure 10. Phosphate adsorption kinetics at pH 5.5 ± 0.2 of the solution in the presence of Cu 

ENPs on soil with (a) total organic matter (T-OM) and (b) partial removal of organic matter (R-

OM) and Ag ENPs on soil with (c) T-OM and (d) R-OM modelled by the Elovich model.  
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The pH changes are presented in Table 8. Based on the Table 8, in the absence of ENPs after 

H2PO4
− adsorption on T-OM and R-OM soil samples, the final pH (pHf) showed an increase in 

relation to the initial pH (pHi). A similar tendency was obtained with increasing the ENPs doses 

and the pHi and pHf values were lower compared with systems without ENPs. In the absence of 

ENPs after H2PO4
- adsorption on T-OM and R-OM samples the final pH (pHf) shows an increase 

in relation to initial pH (pHi). A similar tendency was obtained with increasing of ENPs doses and 

the pHi and pHf values were lower compared with systems without ENPs. 

 

Table 8. pH changes associated to H2PO4
- adsorption in the absence and presence of different doses 

of Cu or Ag ENPs on soil with total organic matter content (T-OM) and partial removal of organic 

matter (R-OM). Experimental conditions: 6.47 mmol·L−1 H2PO4
− solution at pH 5.5, 0.01 M KCl 

at 20 ± 2 oC. Initial pH (pHi) and final pH (pHf) were measured after H2PO4
− solution added to soil 

samples (time 0 min) and after H2PO4
− adsorption (1440 min), respectively. 

Soil sample ENPs (%) pHi pHf 

T-OM 0 5.4 ± 0.1 5.7 ± 0.0 

R-OM 5.2 ± 0.0 5.6 ± 0.1 

  Cu   

T-OM 1 5.0 ± 0.1 5.4 ± 0.0 

R-OM 4.7 ± 0.1 5.3 ± 0.1 

T-OM 3 4.3 ± 0.1 4.7 ± 0.0 

R-OM 4.2 ± 0.0 4.4 ± 0.0 

T-OM 5 4.0 ± 0.0 4.2 ± 0.0 

R-OM 3.8 ± 0.0 3.9 ± 0.0 

  Ag   

T-OM 1 5.0 ± 0.1 5.6 ± 0.2 

R-OM 4.6 ± 0.1 5.0 ± 0.1 

T-OM 3 4.5 ± 0.1 4.9 ± 0.0 

R-OM 4.2 ± 0.0 4.4 ± 0.0 

T-OM 5 4.2 ± 0.1 4.7 ± 0.0 

R-OM 3.9 ± 0.0 4.0 ± 0.0 
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To determine the kinetic constants and understand the adsorption mechanisms, the experimental 

kinetics data were modeled by the pseudo-second-order (PSO) Elovich (Table 9) and pseudo-first-

order (PFO) (Appendix 2) models. PSO and PFO models describe the kinetics of the adsorbate on 

an adsorbent based on chemical-adsorption and physical-adsorption, respectively, with respect to 

the adsorbent capacity (Febrianto et al., 2009). On the other hand, the Elovich model describes the 

adsorption of adsorbate onto a heterogeneous surface (Eduah et al., 2019; Rawajfih and Nsour, 

2010). Based on the higher r2 and the lower χ2 values, the PSO model fitted to the adsorption 

kinetics data better than the PFO model. According to the PSO model, the amount of H2PO4
− 

adsorbed at equilibrium (qe,cal) in T-OM and R-OM soil samples increased with ENPs contents and 

it was higher in R-OM than T-OM, except for 3 and 5% Ag ENPs doses. The kinetic rate (k2) did 

not show a clear trend at low ENPs contents. However, it increased in T-OM with 5% Ag ENPs 

and with 3 and 5% Cu ENPs in R-OM as compared to the soils without ENPs. Similar behavior 

was observed for the initial adsorption rate (h) in the presence of ENPs leading to increases by 

adding 3% Cu and 5% Ag ENPs for T-OM and R-OM soil samples and 5% Cu for R-OM and 3% 

Ag ENPs for T-OM. Experimental kinetic data at pH 5.5 in T-OM and R-OM soil samples without 

and with increasing Cu or Ag ENPs content also adequately fitted the Elovich model (r2 = 0.927 − 

0.998 and χ2 = 9 − 279). This means that the H2PO4
− adsorption happened on a heterogeneous 

substrate (Eduah et al., 2019). The initial rate (α) and the surface coverage (β) obtained from this 

model showed a similar tendency to h and k2, respectively, calculated from the PSO model. Thus, 

both PSO and Elovich models were capable of describing the kinetics of H2PO4
− adsorption on 

volcanic soils. Similar results have been obtained by other researchers for an acid soil (Ghodszad 

et al., 2021) and for adsorbents such as biochar (Eduah et al., 2019) and chitosan (Zhang et al., 

2018). 
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Table 9. Pseudo-second-order and Elovich parameters (± standard error) obtained from H2PO4
− adsorption kinetics at pH 5.5 ± 0.2 for 

the soil with total organic matter (T-OM) and with partial removal of organic matter (R-OM) in the absence and presence of different 

doses of Cu or Ag ENPs. 

   Pseudo-second-order Elovich 

Soil 

sample 

ENPs 

doses 

(%) 

qe,exp 

(mmol·kg−1) 

qe,cal 

(mmol·kg−1) 

k2 

(x 10−4 kg·mmol−1· 

min−1) 

h 

(mmol·kg−1·

min−1) 

r2 χ2 

α 

(x 103 

mmol·kg−1·min−1) 

β 

(x 10−2 

kg·mmol−1) 

r2 χ2 

T-OM 0 177.9 ± 2.4 164.3 ± 5.1 16.6 ± 1.9 45.6 ± 0.0 0.940 157 1.9 ± 0.3 6.4 ± 0.4 0.985 40 

R-OM  200.4 ± 4.2 174.4 ± 6.1 16.9 ± 2.5 50.5 ± 0.0 0.924 226 2.0 ± 0.3 5.9 ± 0.3 0.993 21 

   Cu  

T-OM 1 203.1 ± 5.1 177.4 ± 6.8 14.0 ± 4.0 44.0 ± 0.0 0.915 271 1.0 ± 0.2 5.4 ± 0.3 0.986 43 

R-OM  227.1 ± 2.8 206.5 ± 4.5 10.9 ± 1.7 46.5 ± 0.0 0.973 114 1.3 ± 0.4 4.8 ± 0.4 0.972 118 

T-OM 3 234.2 ± 3.9 202.4 ± 8.4 14.0 ± 4.4 57.4 ± 0.0 0.900 430 1.7 ± 0.4 4.9 ± 0.3 0.989 45 

R-OM  234.5 ± 1.5 221.4 ± 3.5 26.4 ± 4.0 129.4 ± 0.0 0.980 86 590.5 ± 15.2 7.3 ± 0.5 0.970 123 

T-OM 5 251.1 ± 7.2 214.9 ± 9.0 9.4 ± 2.8 43.4 ± 0.0 0.910 454 0.7 ± 0.1 4.2 ± 0.0 0.998 9 

R-OM  244.0 ± 4.3 232.9 ± 4.5 28.8 ± 5.6 156.2 ± 0.0 0.970 139 1518.7 ± 101.6 7.4 ± 0.8 0.980 91 

   Ag  

T-OM 1 220.9 ± 4.8 183.4 ± 6.5 9.0 ± 3.5 30.1 ± 0.0 0.941 280 0.4 ± 0.1 4.6 ± 0.2 0.988 43 

R-OM  215.9 ± 6.0 185.8 ± 7.7 8.1 ± 2.3 28.1 ± 0.0 0.933 306 0.3 ± 0.2 4.6 ± 0.5 0.927 279 

T-OM 3 228.1 ± 4.1 201.7 ± 7.9 13.6 ± 4.0 55.3 ± 0.0 0.927 373 1.7 ± 0.3 5.0. ± 0.2 0.995 21 

R-OM  224.0 ± 5.2 187.9 ± 8.7 7.9 ± 2.5 27.9 ± 0.0 0.905 386 0.2 ± 0.1 4.2 ± 0.3 0.968 132 

T-OM 5 239.6 ± 3.6 213.2 ± 5.6 18.1 ± 3.9 82.3 ± 0.0 0.952 186 11.2 ± 1.0 6.6 ± 0.4 0.974 112 

R-OM  232.0 ± 4.5 194.2 ± 8.8 13.7 ± 4.7 51.7 ± 0.0 0.942 263 1.1 ± 0.2 4.9 ± 0.4 0.979 84 
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2.3.2.3. Adsorption isotherms  

The isotherm adsorptions at pH 5.5 (Figure 11) showed that the amount of H2PO4
− adsorbed was 

slightly higher in R-OM than T-OM and H2PO4
− adsorption increased with increasing ENPs 

contents. In general, all adsorption isotherms described curves type L (Giles et al., 1960). This 

means that a high affinity of H2PO4
− anions exist in both soils. In particular, in T-OM samples, the 

curve reached a strict asymptotic plateau, while in R-OM the curve did not reach it. 

Figure 11. Phosphate adsorption isotherms at pH 5.5 ± 0.2 of the solutions in the presence of Cu 

ENPs on soil with (a) total organic matter (T-OM) and (b) partial removal of organic matter (R-

OM) and Ag ENPs on soil with (c) T-OM and (d) R-OM modelled by the Langmuir and Freundlich 

models.  
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This difference indicated that the number of adsorption sites in the T-OM sample for H2PO4
− is 

limited; on the contrary, the R-OM sample had a greater number of adsorption sites for H2PO4
−. At 

the same time, by increasing the Cu or Ag ENPs content, the curves showed a much less strict 

plateau for both soil samples, suggesting that the number of available adsorption sites for H2PO4
− 

increased (Giles et al., 1960; Limousin et al., 2007). The adsorption isotherm data were fitted by 

Langmuir and Freundlich models (Table 10), which have been frequently used to explain H2PO4
− 

adsorption on different soils (Mermoz et al., 2008; Yang et al., 2019). 

 

Table 10. Langmuir and Freundlich parameters (± standard error) obtained from H2PO4
− 

adsorption isotherms at pH 5.5 ± 0.2 and desorption (%) for the soil with total organic matter (T-

OM) and with partial removal of organic matter (R-OM) in the absence and presence of different 

doses of Cu or Ag ENPs. 

   Langmuir Freundlich Desorp

tion 

Soil 

sample 

ENPs 

(%) 

qe,exp 

(mmol·kg−1) 

KL 

(L·mmol−1) 

qmax 

(mmol·kg−1) 

r2 χ2 KF  

((mmol·kg−1) 

(L·kg−1)1/n) 

n r2 χ2 (%) 

T-OM 0 213.6 ± 0.6 3.6 ± 1.5 216.1 ± 20.0 0.934 396 143.5 ± 5.0 3.4 ± 0.3 0.982 111 31.6 

R-OM  256.4 ± 1.4 20.1 ± 7.3 224.7 ± 15.6 0.944 437 181.0 ± 9.0 3.6 ± 0.4 0.961 299 9.7 

   Cu 

T-OM 1 225.0 ± 1.1 7.8 ± 3.2 216.2 ± 16.6 0.943 388 152.1 ± 10.6 3.0 ± 0.4 0.928 488 24.0 

R-OM  301.0 ± 0.7 7.3 ± 2.8 280.4 ± 23.2 0.942 600 216.3 ± 10.2 2.6 ± 0.2 0.966 352 9.5 

T-OM 3 262.0 ± 0.2 7.2 ± 1.6 255.4 ± 14.3 0.968 274 175.0 ± 13.6 2.6 ± 0.3 0.923 738 10.7 

R-OM  318.4 ± 1.4 3.6 ± 0.8 382.7 ± 31.5 0.963 434 266.8 ± 25.8 1.9 ± 0.3 0.870 1550 6.4 

T-OM 5 299.2 ± 0.5 5.4 ± 1.5 316.4 ± 26.1 0.945 604 216.0 ± 22.0 2.3 ± 0.4 0.854 1590 9.5 

R-OM  343.3 ± 2.4 3.0 ± 0.9 440.2 ± 55.3 0.926 1000 298.2 ± 33.5 1.9 ± 0.3 0.836 2208 4.5 

   Ag 

T-OM 1 213.8 ± 3.0 8.1 ± 2.7 200.5 ± 13.3 0.953 290 143.4 ± 7.0 3.3 ± 0.3 0.964 219 31.5 

R-OM  261.3 ± 0.3 5.2 ± 0.8 264.0 ± 11.4 0.982 151 171.3 ± 13.3 2.5 ± 0.3 0.921 724 16.8 

T-OM 3 236.2 ± 1.9 3.2 ± 0.8 249.9 ± 19.2 0.948 361 139.9 ± 14.2 2.3 ± 0.4 0.870 946 29.4 

R-OM  292.7 ± 2.1 7.3 ± 1.5 281.4 ± 15.5 0.970 302 202.9 ± 13.0 2.5 ± 0.3 0.940 604 21.0 

T-OM 5 284.1 ± 2.8 2.2 ± 0.6 332.8 ± 30.8 0.951 500 178.6 ± 18.1 2.0. ± 0.3 0.871 1327 22.2 

R-OM  297.5 ± 1.4 4.7 ± 1.2 301.4 ± 21.4 0.958 434 201.5 ± 15.6 2.2 ± 0.3 0.924 881 22.1 
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The Freundlich model fitted the experimental data of T-OM and R-OM soil samples better than the 

Langmuir model (Table 10). However, in the presence of ENPs in T-OM and R-OM soil samples, 

the Langmuir model, except for R-OM—1% Cu ENPs and T-OM—1% Ag ENPs systems, showed 

a better fit to the experimental data (r2 = 0.926 − 0.982 and χ2 = 151 − 1000). According to the 

Langmuir model, the maximum H2PO4
− adsorption capacity (qmax) in R-OM and T-OM soils 

increased with ENPs contents, and it was higher on R-OM than T-OM, except for 5% Ag ENPs 

dose, in contrast to the affinity coefficient (KL). 

2.3.2.4. Desorption 

The desorption (%) depends on the chemical nature and energy of the bonds between soil 

components and phosphate (Fink et al., 2016). In this sense, after the soil samples were treated with 

double-distilled water repeatedly (three times), H2PO4
− desorption was about 3.2 times higher from 

T-OM than R-OM (Table 10). In the presence of ENPs, the desorption from R-OM and T-OM soils 

decreased with increasing Cu ENPs doses as well as from T-OM with 3 and 5% Ag ENPs. In 

contrast, with increasing Ag ENPs content, desorption from R-OM was greater than without ENPs 

2.4. Discussion  

2.4.1. Characterization of Cu and Ag ENPs and soil samples studied 

The particle size average of Cu (19 nm) and Ag ENPs (17 nm) was low due to L-ascorbic acid 

coating, which provides colloidal stability to the nanoparticles by electrostatic repulsion. The 

stability effect of the L-ascorbic acid coating could be attributed to the presence of a polyhydroxyl 

structure on the surface of both nanoparticles (Xiong et al., 2011). This was supported by the high 

negative values of ZP, which is normally related to the negatively charged groups of the capping  
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agents (Xiong et al., 2011; Zain et al., 2014). Similar results using organic molecules as reducing 

and capping agents for the preparation of ENPs have been reported previously (Kobayashi et al., 

2009; Kobayashi and Sakuraba, 2008; Njoki, 2019; Xiong et al., 2011; Zain et al., 2014). 

The organic matter in volcanic soils is highly stabilized (Calabi-Floody et al., 2011), whereby after 

repeated treatment with H2O2, only a part of the OM was removed from soil, accounting a 14.1% 

of OM (T-OM), obtaining a soil sample with 4.6% of OM (R-OM) (Table 7). The partial removal 

of OM significantly changed the aggregate structure of the soil because OM acts as a binding agent 

(Krause et al., 2018). In addition, T-OM had more aggregates, a higher P concentration and an 

effective cation exchange capacity (ECEC) as compared to R-OM. In this sense, it is knowing that 

the functional groups of OM such as carboxyl, alcoholic hydroxyl, and phenolic hydroxyl 

contribute to the aggregation of soil particles, formation of humic (organic matter)-Al (Fe)-

phosphate complexes and cations adsorption (Gerke, 2010; Krause et al., 2018). Likewise, R-OM 

samples had a higher IEP and BET-specific surface area than T-OM. This can be explained by the 

exposure of ≡Fe-OH and ≡Al-OH active sites from amorphous components of the soil, which 

decreased the negative charges of the surface and increased BET-specific surface area (Silva-Yumi 

et al., 2018). In general, allophane and ferrihydrite minerals can interact with negatively charged 

ENPs through attraction (Van der Waals) forces contributing to their retention in the soil (Hoppe 

et al., 2016).  

2.4.2. Sorption of phosphate on soils 

The phosphate adsorption isotherms on T-OM and R-OM soil samples in the absence of ENPs 

were best fitted to the Freundlich model (Table 10), which reflected the heterogenic nature of soil 

components. The intensity of adsorption (n) and relative adsorption capacity (KF) for R-OM were 

higher than T-OM. The difference between KF and n for two soil samples may be due to the higher 
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OM content of T-OM, since OM could block adsorption-specific sites leading to a lower 

availability of surface-reactive sites and weak interaction with H2PO4
− (Nafiu, 2009). The OM can 

act by preventing the irreversible retention of H2PO4
− and increasing the nutrient recovery. We 

found that, after partial OM removal, the H2PO4
− desorption from R-OM was lower than from T-

OM (Table 10), indicating a strong interaction between the phosphate and mineral components of 

R-OM (Jara et al., 2006; Mora et al., 1992; Wang et al., 2015). These results are supported by the 

higher BET-specific surface area and lower negative surface charge of R-OM as compared to T-

OM. Similar results were obtained by Zeng et al. (2011) for H2PO4
− desorption in volcanic soils 

exhibiting contrasting OM contents. However, these findings were in contrast to the results 

reported by Debicka et al. (2015) by removing the OM from sandy soil resulted in decreases of KF 

and n values. Contrasting results could be attributed to the particularly components in each soil. 

According to the FAO-WRB soil classification, sandy soils such as Brunic Arenosols are mainly 

characterized by minerals such as hematite, goethite, and maghemite (Debicka et al., 2015; Hirsch 

et al., 2019). On the contrary, Santa Barbara soil is formed by minerals such as allophane (>50%), 

followed by 1–5% halloysite and vermiculite (Cáceres-Jensen et al., 2013). In this context, Parfitt, 

(1989) found that phosphate was adsorbed in the order hematite ~ goethite < ferrihydrite < 

allophane. Moreover, H2PO4
− can be rapidly and strongly adsorbed on the most reactive aluminol 

(≡Al-OH) groups of the allophane by ligand exchange forming monodentate or/and binuclear 

complexes. 

According to the PSO model, the higher H2PO4
− adsorption (qe,cal) was in the R-OM as compared 

to T-OM (Table 9), which could due to the destruction of OM in T-OM, leading to a larger pore 

volume and BET-surface area. In addition, R-OM improved the accessibility to active sites for 

H2PO4
− according to the higher values of α and h obtained for R-OM (Table 9) (Debicka et al., 
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2015). The h parameter can be associated to the chemical and/or hydrogen bonding interaction 

between H2PO4
− and surface hydroxyls in soil samples at the initial adsorption process (Wang et 

al., 2015). Moreover, considering the Elovich model and increase in pHf values after H2PO4
− 

adsorption with respect to pHi (Table 8), we might suggest that H2PO4
− adsorption in T-OM and 

R-OM soil samples was performed mainly through ligand exchange (chemi-adsorption) onto Fe/Al 

(hydr)oxides forming monodentate or bidentate complexes. The pH changes were consistent with 

the studies carried out by Vistoso et al. (2012), who reported that H2PO4
− was adsorbed through 

ligand exchange mechanism in volcanic soils with contrasting properties. 

The H2PO4
− adsorption on T-OM was pH-dependent in contrast to R-OM (Figure 9). In this 

context, the IEP of T-OM was 3.2 whereas it was 5.7 for R-OM. Therefore, in acidic pH H2PO4
− 

solution the surface hydroxyl (–OH) groups in R-OM were more protonated than in T-OM, causing 

a favorable effect on electrostatic interaction and ligand exchange (Zhou et al., 2005). However, at 

alkaline pH H2PO4
− solution, mainly for T-OM, there was a decrease in the ligand exchange and 

an increase in electrostatic repulsion due to deprotonation from soil superficial groups. Likewise, 

at a higher pH, the competition between OH− and H2PO4
− on the T-OM surface would also reduce 

the H2PO4
− adsorption (Li et al., 2016). 

2.4.3. Sorption of phosphate on soils in the presence of ENPs 

The increasing phosphate adsorption with increasing ENPs content in soils indicated that in the 

presence of ENPs, the number of adsorption sites increased. Although, there was a decrease in the 

initial adsorption rate (h) with 1% ENPs content, which implied that during the first few minutes 

ENPs compete with H2PO4
− for the adsorption sites of the soil surface. Additionally, h strongly 

increased with 3 and 5% ENPs content, suggesting that ENPs also contributed to new adsorption 

sites for H2PO4
− (Duncan and Owens, 2019; Sun et al., 2015). Accordingly, Duncan and Owens, 
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(2019) indicated that CeO2 ENPs can be adsorbed on soil adsorption sites before Pb(II) and Sun et 

al. (2015) determined a similar trend for h with increasing carbon nanotubes (CNTs) content after 

studying the effects of CNTs with outer diameter of 25 nm and inner diameter of 5 nm on Cd(II) 

adsorption in sediments. 

The adsorption isotherms of H2PO4
− on T-OM and R-OM following Cu or Ag ENPs addition fitted 

to the Langmuir model (Table 10). Similarly, Sun et al. (2015) found that in the presence of CNTs 

the isotherms for Cd(II) on sediment showed a better fit to the Langmuir than the Freundlich model; 

however due to the adsorption sites of sediments with CNTs are heterogeneous, they used the 

Freundlich to describe their results. Therefore, the fit of adsorption data to the Langmuir model in 

the presence of ENPs should be more studied. 

Adsorption enhancement was larger through Cu than Ag ENPs. According to Afshinnia and 

Baalousha, (2017), the decrease in the zeta potential after H2PO4
− adsorption on T-OM and R-OM 

soil samples with ENPs could be associated with H2PO4
− adsorption/complexation onto ENPs 

surface (Appendix 3). In this context, Niaura et al. (1997) indicated that H2PO4
− was adsorbed 

through monodentate surface coordination on Cu ENPs, while on Ag ENPs it was performed 

through hydrogen bonding (Niaura et al., 1997; White and Hjortkjaer, 2014). Although both coated 

ENPs had a low rate of oxidation and dissolution (Cornelis et al., 2012), it was probable that these 

processes could be favored by an acidic soil pH as well as a consequence of the ionic exchange 

between H2PO4
− and L-ascorbic acid on the surface of the ENPs, being similar to the mechanism 

observed for citric acid (Njoki, 2019). 

Under such conditions, Cu could be oxidized to Cu2+ (E°Cu2+/Cu0 = 0.337 V) and the amount of 

phosphate adsorbed in T-OM and R-OM soil samples increased (Appendix 4) because Cu2+ could 

be linked to H2PO4
− and hydroxyl groups of OM via a cation bridge (Pérez-Novo et al., 2011). 
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Furthermore, this could be attributed to the formation of complexes between Cu2+ and H2PO4
− and 

the precipitate of Cu3(PO4)2 (Ksp = 2.07 × 10−33) (Liu and Zhao, 2007). Meanwhile, in the case 

that Ag+ ions were released from Ag ENPs into solution (E°Ag+/Ag0 = 0.799 V), the formation of 

AgCl precipitate was more favorable (Ksp = 1.77 × 10−10) than a Ag3PO4 formation (Ksp = 8.89 × 

10−17) (Zhang et al., 2015; Zhou et al., 2016). 

On the other hand, the presence of L-ascorbic acid free in soil solution slightly competes with 

H2PO4
− for available adsorption sites, decreasing H2PO4

− adsorption on T-OM and R-OM soil 

samples (Appendix 4). However, as a consequence of the addition of Cu or Ag ENPs suspensions 

to soil samples, the pHi values decreased, being less acidic in T-OM as compared to R-OM (Table 

8), which was consistent with the buffering capacity of OM (Funakawa et al., 2008). An acid pH 

can be associated with a decrease in the electrostatic repulsion between H2PO4
− and the negatively 

charged surface of the organic matter (-COOH, -OH) due to a decrease in the number of 

deprotonated surface groups (Poggere et al., 2019). Furthermore, the protonation of surface 

hydroxyl groups of Fe/Al (hydr)oxides might be favored by acid pH values, promoting the H2PO4
− 

adsorption through a ligand exchange (Trinh et al., 2020; Vistoso et al., 2012; Yan et al., 2010). In 

the same way, it has been reported that below 4.5 of pH values the mineral dissolution is favored,  

promoting the precipitation reactions between H2PO4
− and cations in solution (Al3+ and Fe3+) 

(Bulmer et al., 2019), and to form H2PO4
−-cation-organic matter complexes (Gerke, 2010). The 

increase of the H2PO4
− adsorption at a low pH has been demonstrated on pillared bentonites (Yan 

et al., 2010), Ag ENPs-tea activated carbon (Trinh et al., 2020), sediments (Liu et al., 2018) and in 

Andisol soils (Vistoso et al., 2012).  

In Figure 12, we propose a mechanism for phosphate adsorption in both soil samples in the presence 

of Cu or Ag ENPs. Nevertheless, future research should be addressed to corroborate whether in the 
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presence of both ENPs, one of these mechanisms was prevalent for H2PO4
− adsorption on T-OM 

and R-OM soil samples, or whether several mechanisms acted together. 

 

Figure 12. Proposed mechanism for phosphate adsorption on volcanic soils in the presence of Cu 

or Ag ENPs. 

 

The H2PO4
− adsorption in the presence of ENPs through chemical interactions onto a 

heterogeneous surface was indicated by the adequate fits of the kinetic data to the PSO and Elovich 

models (Table 9). In addition, the desorption behavior supported the adsorption mechanisms 

proposed in the presence of ENPs. With Cu ENPs, the desorption of H2PO4
− from T-OM and R-

OM soil samples was smaller than Ag ENPs. These results can be supported by a chemisorption-

like interaction between H2PO4
− and Cu ENPs. Similarly, desorption studies of U(VI) on the soil 

in the presence of nano-crystalline goethite showed that U(VI) was more resistant to released due 

to an increase in the inner-sphere complexes on the soil surface (Jung et al., 2016). In addition, 
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Elkhatib et al. (2017) revealed that adsorption of Hg(II) on arid soils in the presence of water 

treatment residual nanoparticles occurred mainly through inner-sphere complexes, which enhanced 

Hg immobilization in the arid soils. The high desorption of H2PO4
− in R-OM following Ag ENPs 

addition needs further investigation. One possible explanation for this is that the Ag ENPs were 

attached to the potential H2PO4
− adsorption sites, such as allophane and Fe oxides, leading to a 

blocking effect for H2PO4
− on this soil with lower levels of OM. Then, the H2PO4

− physi-adsorbed 

(through hydrogen bonding) on the surface of the attached Ag ENPs was more desorbable. 

2.5. Conclusions 

Our study demonstrated that the phosphate adsorption process in the presence of ENPs was 

dependent on the amount of ENPs and soil organic matter content. The addition of Cu caused a 

higher increase in phosphate adsorption on T-OM and R-OM as compared to the Ag ENPs. The 

Elovich and pseudo-second-order (PSO) models correctly described the kinetic adsorption of 

phosphate on T-OM and R-OM soil samples without and with ENPs. 

The phosphate adsorption with both ENPs was better described by the Langmuir isotherm model 

than the Freundlich model. According to the Langmuir model, by increasing the ENPs content from 

0 to 5%, the maximum adsorption capacity (qmax) of H2PO4
− for T-OM ranged from 216.1 to 316.4 

mmol·kg−1 following the Cu ENPs addition and to 332.8 mmol·kg−1 using Ag ENPs. Meanwhile, 

with the increase from 0 to 5% of ENPs, the qmax of H2PO4
− for R-OM ranged from 224.7 to 440.2 

mmol·kg−1 with Cu ENPs and to 301.4 mmol·kg−1 with Ag ENPs. Phosphate desorption in T-OM 

and R-OM soils following Cu ENPs addition was lower than Ag ENPs. In the future, more attention 

should be pointed globally to management agriculture practices based on nanotechnology, because 

the incorporation of ENPs into the soil have the potential to reduce the already limited crop 

phosphorus availability. 
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Chapter III. Combined effect of soil particle size fractions and engineered nanoparticles 

on phosphate sorption processes in volcanic soils described by Elovich and Langmuir-

Freundlich models 

Abstract 

Engineered nanoparticles (ENPs) released into the environment can affect phosphate availability 

in soils. In this study, we evaluated the combined effect of soil particle size fractions and silver 

(Ag) or copper (Cu) ENPs (3 and 5%, w/w) on phosphate sorption processes in a volcanic soil. 

The sand/coarse silt mixture (2000-32 µm), fine silt (32-2 µm) and clay (< 2 µm) fractions were 

obtained by wet-sieved and sedimentation methods. The Elovich kinetic and Langmuir-

Freundlich (L-F) isotherm models were used to describe the adsorption data obtained by batch 

experiments.  

The initial adsorption rate (α) from the Elovich model was 104.6% for sand/coarse silt and 

203.1% for fine silt higher than for clay fraction. Meanwhile, with Cu ENPs the α values 

increased, but with Ag ENPs the α values both increased and decreased in comparison to 

fractions without ENPs. The maximum adsorption capacity (qmax) from the L-F model was 

17.3% for fine silt and 47.0% for clay higher than for sand/coarse silt fraction. In general, with 

both ENPs the qmax values were between 1.1 and 1.9 times higher with respect to sand/coarse 

silt fraction without ENPs. Phosphate desorption in decreasing order was: fine silt > sand/coarse 

silt > clay fraction and with ascending ENPs content phosphate desorption decreased. 

We concluded that the presence of ENPs increased phosphate retention in all soil fractions 

studied, especially in fine silt fraction. In addition, we would like to highlight the importance of 

phosphorus fixation naturally within the fine silt, which was about 59% of soil mass. 

Keywords: nanoparticles; phosphorus; soil particle size; retention; volcanic soil; adsorption 
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3.1. Introduction 

Engineered nanoparticles (ENPs) have a particle size that fluctuates between 1-100 nm, which 

allows them to have a high surface/volume ratio, a large surface area, and a number of reactive 

atoms on the surface (Auffan et al., 2009a; Wang et al., 2019). ENPs possess unique, novel and 

enhanced electronic, chemical, mechanical and nuclear properties compared to larger-size particles 

with the same chemical composition (Khan et al., 2019). These properties, together with the high 

industrial capacity to design and produce ENPs, have allowed their incorporation in products used 

in fields like medical care, food, decontamination, transportation, industrial energy, agriculture, 

among others (Ebrahimbabaie et al., 2020; Piccinno et al., 2012). 

In agriculture, the use of nano-agrochemicals based on metallic silver (Ag), copper (Cu), iron (Fe), 

gold (Au) and aluminum (Al) ENPs is an alternative to treat infections in plants, reduce the amount 

of fertilizer added, and increase the growth, development, yield, and quality of plants without 

damaging productivity (Cota-Ruiz et al., 2020; Dikshit et al., 2021; Ruttkay-Nedecky et al., 2017). 

Among the most used metallic ENPs to treat and control diseases, Ag and Cu stand out due to their 

antibacterial, virucidal and antifungal properties (Arya et al., 2018; Tortella et al., 2021). In this 

sense, both ENPs been demonstrated the ability to inhibit the growth of pathogenic fungi (Hashmi 

et al., 2019; Malandrakis et al., 2021) and Gram-negative and Gram-positive bacteria (Benassai et 

al., 2021; Rolim et al., 2019). Also, due to Cu is a micronutrient for plants, Cu ENPs have promoted 

the growth of tomato plants (Lopez-Lima et al., 2021), increase total seed number and grain yield 

in maize under drought stress conditions (Van Nguyen et al., 2021) and improve the physiology of 

alfalfa (Cota-Ruiz et al., 2020).  

A potential consequence of the massive application of Ag and Cu ENPs in agricultural practices is 

their uncontrolled release into the natural environment and particularly to agroecosystems, making 

it necessary to study the behavior and implications of ENPs in soils. Until now, there are several 
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studies about transformations, fate, toxicity, and transport of ENPs in the soil matrix (Abbas et al., 

2020a; Bundschuh et al., 2018; Chen, 2018). On the contrary, few investigations have evaluated 

the effects of ENPs on processes and reactions of elements in soils such as complexation, 

dissolution, precipitation, co-precipitation, and sorption (adsorption/desorption). Particularly, 

adsorption/desorption processes play an essential role in regulating the availability of the elements 

(Pan et al., 2010; Taghipour and Jalali, 2015; Yang et al., 2019). In soils, phosphorus (P) are among 

the most essential elements due to allow optimal plants growth, which is taken up by them mainly 

in the form of inorganic phosphate (H2PO4
−) (Yi Wang et al., 2021; Zhang et al., 2021). In this 

context, phosphate sorption studies in the presence of ENPs have been focused on whole soil (< 2 

mm), which have demonstrated that iron oxide ENPs (Koopmans et al., 2020), Al2O3 and TiO2 

ENPs (Taghipour and Jalali, 2015) and Cu or Ag ENPs (Suazo‐Hernández et al., 2021) can increase 

the soil capacity to retain phosphate. In our recent study (Suazo-Hernández et al., 2021), we found 

that with increasing doses of Cu or Ag ENPs from 0 to 5% (w/w), phosphate adsorption increased 

for an Andisol with total organic matter (OM) and with partial removal of OM between 1.3 and 2.0 

times in relation to systems without ENPs. Consequently, a higher phosphate accumulation could 

decrease the stoichiometry C:N:P molar, affecting nutrient levels and the optimal growth and 

development of plants (Moe et al., 2005; Song et al., 2014). 

On the other hand, the soil is made up of various particle size fractions (Xiang et al., 2019), which 

are relevant in the different physical, chemical and biological processes that occur in the soil matrix. 

In relation to this, the adsorption/desorption processes of phosphate on soil particle size fractions 

not only does differ greatly from the whole soil, but it also varies markedly between the individual 

particle size fractions (Acosta et al., 2011). In general, sorption studies have shown that phosphate 

adsorption capacity increased with decreasing in particle size (Atalay, 2001; Cui et al., 2019; 

Galindo et al., 1972; Xiao et al., 2013). In volcanic soils, phosphate adsorption on clay size fraction 
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is higher and stronger than whole soil, which is associated with the greater presence of amorphous 

and poorly crystallized minerals Fe/Al oxides and allophane (Escudey et al., 2001; Galindo et al., 

1972).  

To evaluate the implication of ENPs on whole volcanic soils capacity to accumulate or release 

phosphate, it is essential to know phosphate sorption processes on different soil fractions with 

ENPs. According to this, the aim of our research was to evaluate the combined effect of soil particle 

size fractions and ENPs on phosphate sorption processes in a volcanic soil by Elovich kinetic and 

Langmuir-Freundlich isotherm models. 

3.2. Materials and method 

3.2.1. Reagents 

AgNO3, CuCl2·2H2O, L-ascorbic acid, KH2PO4, KCl, KOH, HCl analytical grade (Merck), and 

double-distilled water were used. The Cu and Ag ENPs stabilized with L-ascorbic acid were 

characterized in our previous study (Suazo-Hernández et al., 2021). The Cu and Ag ENPs had a 

diameter between 7 and 29 nm. The isoelectric point of Cu ENPs was 2.7, whereas Ag ENPs had 

a negatively charged surface. The pH of Cu and Ag ENPs suspension was 2.46 and 2.35, 

respectively. 

3.2.2. Fractionation of a volcanic soil  

The soil used was an Andisol belonging to the Santa Barbara series in Southern Chile (36° 50´ S; 

71° 55´ W). The soil sample was taken from the top 20 cm of the soil horizon, and it was passed 

through a 2 mm mesh sieve and dried in air (1 day at room temperature). Then, 100 g was weighed 

and added to 360 mL of double-distilled water into glass bottles. The suspension was left shaking 

at 200 rpm during the night to be passed through a 32 µm sieve (soil particle size from 2000 µm to 

32 µm corresponded to sand/coarse silt mixture fraction) and it was washed repeatedly with double-

distilled water. Subsequently, 200 mL of double-distilled water were taken and ultrasonically 
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dispersed by applying 7,500 J·g−1, using a Vibra Cell High-Intensity model VC 750 (Sonics and 

Materials Inc. Danbury, CT) equipment. The suspensions were added to a one-liter graduated 

cylinder, from which clay size fraction (< 2 µm) was obtained by sedimentation under gravity, 

following Stokes law, from the first 20 cm (Escudey et al., 2001) and the remaining suspension 

corresponded to fine silt fraction (soil particle size between 32 µm and 2 µm). The separated clay 

suspension was concentrated by adding 1.8 M NaCl and washed four times with double-distilled 

water to minimize the excess of NaCl (Calabi-Floody et al., 2011). Finally, the three soil fractions 

were freeze-dried and stored for further analysis. 

3.2.3. Physicochemical characterization of soil particle size fractions 

The pH of soil fractions was determined in 1:2.5 soil-water suspension by Sadzawka et al. (2006) 

method. The total nitrogen (N) and carbon (C) content were determined using the dry combustion 

method on a EuroEA 3000 Series elemental analyzer (Euro Vector Inc, Milan, Italy). Total 

phosphorus was extracted by sodium hypobromite (NaBrO) (Dick and Tabatabai, 1976) and 

analyzed according to Murphy and Riley, (1962). The stoichiometric C:N, C:P, N:P and C:N:P 

molar were shown as molar ratios. Exchangeable aluminum (Al) was extracted with KCl (1 M) and 

analyzed using Unicam model Solaar 969 atomic absorption spectrophotometer (AAS) (Unicam 

Ltd, Cambridge, England). Exchangeable cations (Mg, Ca, K and Na) were extracted with NH4Ac 

(1M, pH 7.0) and analyzed by AAS (Sadzawka et al., 2006). Effective cation exchange capacity 

(ECEC) was determined as the sum of exchangeable Al plus the exchangeable cations. The specific 

surface area in the different soil fractions was calculated using the Brunauer-Emmett-Teller (BET) 

method of adsorption of N2 with a Quantachrome Nova 1000e (Quantachrome Instruments, 

Boynton Beach, FL, USA). The zeta potential (ZP) of each soil particle size fraction was measured 

with a Nano ZS apparatus (Malvern Instruments, Worcestershire, U.K). Also, the ZP of soil 
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fractions was determined post-adsorption of phosphate in the presence and absence of 5% Ag or 

Cu ENPs using the high point adsorption isotherms. 

3.2.4. Batch Adsorption assays 

Batch techniques were performed to determine the adsorbed amount of phosphate onto particle size 

fractions of soil with and without Ag or Cu ENPs. In 50 mL polypropylene centrifuge tubes, 0, 3, 

and 5% of Ag or Cu ENPs were added to 0.5 g of each soil particle size fraction (w/w).  

The kinetic study was carried out with 20 mL taken from an initial stock solution of 6.47 mmol·L−1 

of phosphate and a pH of 5.5 ± 0.2. The amount of phosphate present in the solution was determined 

in time intervals between 2.5 and 1440 min. Adsorption isotherms on soil particle size fractions 

were determined using 20 mL of phosphate solution at different concentrations (0.02 − 9.71 

mmol·L−1) at pH of 5.5 ± 0.1. The soil suspensions of adsorption isotherm experiments were stirred 

for 1440 min. Kinetic and equilibrium adsorption analyses were conducted using KCl 0.01 M as 

ionic strength and the suspensions were stirred at 200 rpm at 20 ± 2 °C. The soil fraction samples 

were centrifuged for 10 min at 10,000 rpm using a Sorvall Model RC-5B Plus centrifuge. After 

shaking the soil fraction samples, the supernatant was filtered through syringe filters with 0.45 µm 

pore size. The phosphate amount in the supernatant solution was determined at 880 nm using a 

Rayleigh UV-2601 spectrophotometer (BRAIC, Beijing, China) by the molybdate-blue 

colorimetric procedure  (Murphy and Riley, 1962). The amount of phosphate adsorbed at time t 

(qt, mmol·kg−1) on different soil fractions with and without Ag or Cu ENPs was determined by the 

equation 12:  

                                                                              qt =
(C0− Ct)V

(w)
                                                                 (12)                                                                        

where Co was the initial concentration of phosphate (mmol·L−1), Ct was the concentrations of 

phosphate at time t or the equilibrium concentration, w was the mass (kg) of soil particle-size 
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fractions used and V was the volume (L) of adsorbate solution. 

3.2.5. Modelling of the adsorption assays  

The kinetic data of phosphate adsorption on different soil fractions were fitted by the Elovich 

model. This model describes an adsorption process on a heterogeneous solid substrate (Riahi et al., 

2017). The Elovich model is represented by the equation. The Elovich model is represented by 

equation 13: 

                                                                   qt =
1

β
ln(αβt)                                                                    (13) 

where qt (mmol·kg−1) is the amount of phosphate adsorbed at time t (min), α (mmol·kg−1·min−1) is 

associated with the initial adsorption rate and β (mmol·kg−1) with the number of sites available for 

phosphate adsorption and desorption constant (Rawajfih and Nsour, 2010).  

Using the parameters of the Elovich model, it was possible to obtain the equilibrium constant (Keq) 

for the phosphate adsorption process through equation 14 (Cea et al., 2010): 

                                                                                Keq  =
α

β
                                                                       (14) 

The adsorption data of phosphate isotherms on different soil particle size samples were described 

by the Langmuir-Freundlich (L-F) model. The L-F model described a chemical adsorption of 

adsorbate on the energetically heterogeneous surface (Yin et al., 2018). The L-F model is 

represented by the following expression: 

                                                                          qe =
qmaxKL−FCe

1/𝑛

1 + KL−FCe
1/n

                                                        (15) 

where qe (mmol·kg−1) is the amount of phosphate adsorbed at equilibrium, qmax (mmol·kg−1) is the 

maximum adsorption capacity, KL-F (L·kg−1) is the L-F affinity parameter, Ce (mmol·L−1) is the 

concentration of phosphate in solution at equilibrium, and 1/n is the heterogeneity factor (Liu et 

al., 2016). 
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3.2.6. Batch desorption assays 

Desorption investigations of phosphate were performed to analyze the effect of ENPs on the 

potential phosphate release from soil fractions. Once the phosphate adsorption isotherms procedure 

had ended, the supernatant from the highest points were replaced three times (repeatedly) by 20 

mL of double-distilled water. Then, the suspensions were stirred at 200 rpm in an orbital shaker at 

20 ± 2 °C for 24 h and phosphate in solution was analyzed similarly to adsorption experiments. 

Desorption (%) was calculated from the adsorbed amount of phosphate on soil fractions and 

phosphate desorbed into aqueous solution using equation 16 (Silva-Yumi et al., 2018): 

                                    Desorption (%) =
Amount of phosphate desorbed   

Amount of phosphate adsorbed
x 100                     (16) 

3.2.7. Data analysis 

All results were means of three replicates and all calculations were based on the average ± standard 

deviation. Statistical analyses were carried out using the software program Origin Pro 9.0. 

3.3. Results  

3.3.1. Characterization of soil particle size fractions 

The physicochemical properties of different particle size fractions of a volcanic soil are presented 

in Table 11. The fine silt fraction was the dominant fraction with 59.3%, followed by the clay size 

fraction with 24.5% and finally by sand/coarse silt mixture fraction with 16.2% of the mass of the 

original soil (Table 11). The pH values obtained for sand/coarse silt mixture, fine silt, and clay size 

fractions were 5.6, 6.0, and 6.2, respectively. The total amount of P, C and N in units of g·kg−1 and 

specific surface area followed the next order: clay > fine silt > sand/coarse silt and for ECEC and 

stoichiometry N:P molar ratio was: clay > sand/coarse silt > fine silt. On the other hand, the 

stoichiometric C:N, C:P and C:N:P molar ratios followed by soil fractions were: sand/coarse silt > 

fine silt > clay.   
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Table 11. Physico-chemical properties and stoichiometry molar ratios of C, N and P of soil 

particle size fractions. 

Parameter Sand/coarse silt Fine silt Clay 

Mass (%) 16.2 59.26 24.5 

pH (H2O) 5.6 ± 0.1 6.0 ± 0.0 6.2 ± 0.1 

Total C (g·kg−1) 65.0 ± 0.43 70.8 ± 0.4 101.2 ± 0.2 

Total N (g·kg−1) 5.2 ± 0.2 6.1 ± 0.0 11.3 ± 0.1 

Total P (g·kg−1) 1.2 ± 0.0 1.4 ± 0.3 2.4 ± 0.1 

C:N molar ratio 14.5 13.6 10.5 

C:P  molar ratio 145.1 129.7 107.9 

N:P molar ratio 10.0 9.6 10.3 

C:N:P molar ratio 145.1:10.0:1 119.1:8.2:1 69.3:4.8:1 

ECEC (cmol(+)·kg−1)* 7.5 ± 0.01 6.7 ± 0.08 9.6 ± 0.06 

BET-specific surface area (m2·g−1) 7.34 10.85 22.76 

               *ECEC: Effective cation exchange capacity. 

 

Finally, the zeta potential (ZP) of soil size fractions is negatively charged in all pH ranges studied 

(Figure 13). 

 

 

 

 

 

 

 

 

Figure 13. Zeta potential (ZP) measurement of different soil particle size fractions at various pH 

values in 0.01 M KCl. 
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3.3.2. Phosphate adsorption kinetics 

As shown in Figure 14a–f, the prolongation of the agitation time and increase of Ag or Cu ENPs 

content provoked an increase of the total amount of phosphate adsorbed on different soil fractions. 

In all cases, the kinetics adsorption of phosphate on soil fraction was separated into a fast stage (≤ 

45 min) and a slow stage (> 45 min) (Fig. 13a–f). Specifically, during the first 45 min, about 38.5%, 

42.3% and 46.0% of the total amount of phosphate added (248.9 mmol·kg−1) was removed by fine 

silt, sand/coarse silt and clay size fraction, respectively. Meanwhile, at the same contact time with 

Ag or Cu ENPs, at least 50% of the total amount of phosphate added was removed by soil  fractions. 

For all systems, the adsorption rate increased slightly until it reached equilibrium at >720 min.  

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Kinetics of phosphate adsorption at pH 5.5 ± 0.2 in the presence and absence of Ag  

ENPs on (a) sand/coarse silt, (b) fine silt and (c) clay fraction or Cu ENPs on (d) sand/coarse silt, 

(e) fine silt and (f) clay fraction, fitted using the Elovich model. 
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The Elovich model of phosphate adsorption by soil particle size fractions with and without Ag or 

Cu ENPs presented correlation coefficient values (r2) ranging between 0.956 and 0.992, and chi-

squared (χ2) was from 5 to 182 (Table 12). Without ENPs, the trend followed by the initial 

adsorption rate (α) was: fine silt > sand/coarse silt > clay. In the presence of ENPs, there was an 

increase in α values between 1.5 and 15.6 times with respect to the systems without ENPs, except 

for 3% Ag ENPs-fine silt and 5% Ag ENPs-fine silt and sand/coarse silt fraction systems. 

 

Table 12. Elovich parameters (± standard error) of soil particle size fractions obtained from 

phosphate adsorption kinetics in the presence and absence of Ag or Cu ENPs at pH 5.5 ± 0.2. 

Soil particle size 

fractions 

ENPs 

 (%)  

α (x 102 

mmol·kg−1·min−1)             

β (x 10−2 

mmol·kg−1) 

log 

Keq 

r2 χ2 

Sand/coarse silt 0 13.73 ± 1.13 8.29 ± 0.38 2.21 0.960 62 

Fine silt  28.34 ± 2.98 8.00 ± 0.06 2.55 0.976 39 

Clay   6.71 ± 0.98 5.94 ± 0.40 2.05 0.981 49 

  Ag 

Sand/coarse silt 3 20.18 ± 1.73 7.06 ± 0.31 2.46 0.987 27 

Fine silt  5.55 ± 0.69 5.87 ± 0.21 1.98 0.979 58 

Clay   24.33 ± 1.83 5.30 ± 0.20 2.66 0.967 127 

Sand/coarse silt 5 13.08 ± 0.09 6.24 ± 0.23 2.32 0.992 21 

Fine silt    8.49 ± 0.50 5.61 ± 0.11 2.18 0.986 40 

Clay   39.98 ± 1.14 5.04 ± 0.12 2.90 0.985 65 

  Cu 

Sand/coarse silt 3 53.25 ± 7.19 7.45 ± 0.44 2.85 0.989 25 

Fine silt  317.40 ± 30.44 7.81 ± 0.78 3.61 0.975 65 

Clay   34.42 ± 2.82 5.36 ± 0.61 2.81 0.956 182 

Sand/coarse silt 5 32.14 ± 3.72 6.26 ± 0.40 2.71 0.986 42 

Fine silt  124.46 ± 14.24 6.50 ± 0.39 3.28 0.989 34 

Clay   26.62 ± 4.52 4.66 ± 0.25 2.76 0.989 53 
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The sequence followed by the number of sites available for the adsorption and desorption constant 

(β) was: sand/coarse silt > fine silt > clay, and with ENPs the β values decreased in relation to 

systems without ENPs. In the presence of both ENPs the log Keq values were higher than without 

ENPs, except for 3 and 5% Ag ENPs-fine silt systems, and were higher using Cu ENPs.  

3.3.3. Phosphate adsorption isotherms 

Figure 15a–f shows that the phosphate adsorption decreased with increasing soil particle size 

fractions, indicating that the adsorption capacity of phosphate by fine soil particles was greater than 

for coarse particles. In addition, when increasing the ENPs doses, the phosphate adsorption 

increased and the tendency was similar to systems without ENPs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Isotherm of phosphate adsorption at pH 5.5 ± 0.2 in the presence and absence of Ag 

ENPs on (a) sand/coarse silt, (b) fine silt and (c) clay fraction or Cu ENPs on (d) sand/coarse silt, 

(e) fine silt and (f) clay fraction, fitted using the Langmuir-Freundlich model. 
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The Langmuir-Freundlich (L-F) model fitted well the adsorption isotherms of phosphate on soil 

particle size fractions with and without ENPs (Table 13, r2 ≥ 0.943 and χ2 ≤ 419). The maximum 

adsorption phosphate capacity (qmax) for fine silt and clay fractions was about 17.3% and 47.0%, 

respectively, higher than for sand/coarse silt soil fraction. Meanwhile, with 5% of both ENPs, the 

qmax values increased in a range between 36.3% and 54.3% for fine silt fraction and between 88.9% 

and 91.1% for clay fraction in relation to sand/coarse silt fraction without ENPs. 

 

Table 13. Langmuir-Freundlich parameters (± standard error) of soil particle size fractions 

obtained from phosphate adsorption isotherm in the presence and absence of Ag or Cu ENPs at pH 

5.5 ± 0.2. 

 

Soil particle size 

fractions 

ENPs (%) qmax KL-F 

(L·kg−1) 

n r2 χ2 

(mmol·kg−1) 

Sand/coarse silt 0 180.01 ± 17.17 1.82 ± 0.46 1.77 ± 0.26 0.988 39 

Fine silt 
 

211.15 ± 14.33 1.64 ± 0.20 1.69 ± 0.20 0.988 47 

Clay  
 

264.58  ± 25.36  1.73 ± 0.28 2.02 ± 0.34 0.958 239 

  Ag 

Sand/coarse silt 3 202.20 ± 24.50 2.99 ± 0.54 1.35 ± 0.26 0.963 182 

Fine silt 
 

232.10 ± 11.50 7.77 ± 1.48 1.07 ± 0.14 0.984 112 

Clay  
 

279.39± 18.36  4.82 ± 0.47 1.31± 0.20 0.990 85 

Sand/coarse silt 5 227.20 ±16.11 5.80 ± 0.58 1.05 ± 0.17 0.973 181 

Fine silt 
 

245.41 ±12.32 14.43 ± 1.92 0.85 ± 0.13 0.978 184 

Clay  
 

344.44 ± 17.42 2.34 ± 0.32 1.51 ± 0.14 0.995 51 

  Cu 

Sand/coarse silt 3 207.07 ± 7.02 9.31 ± 1.16 0.78 ± 0.09 0.990 60 

Fine silt 
 

230.84 ± 9.54 16.36 ± 2.14 0.64 ± 0.03 0.983 134 

Clay  
 

287.00 ± 15.88 4.34 ± 2.42 1.09 ± 0.18 0.978 200 

Sand/coarse silt 5 245.54 ± 19.02 4.25 ± 0.70 0.89 ± 0.13 0.943 419 

Fine silt 
 

277.81 ± 15.84 10.76 ± 1.26 0.69 ± 0.08 0.981 191 

Clay    339.93 ± 10.30 3.97 ± 0.85 0.94 ± 0.13 0.986 154 
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The sequence followed by the affinity parameter (KL-F) value was: clay > sand/coarse silt > fine 

silt (Table 13). While, with Ag or Cu ENPs, the KL-F values increased between 1.3 and 10.0 times 

with respect to the systems without ENPs and were higher with Cu ENPs. The constant related to 

the degree of heterogeneity (n) showed the next sequence: clay > sand/coarse silt > fine silt. With 

increasing in Ag or Cu ENPs content, the n values decreased between 0.4 and 0.7 times in relation 

to the systems without ENPs and were lower with Cu ENPs. 

3.3.4. Phosphate desorption in water  

Desorption investigations allow us to predict the availability and potential mobility of phosphate 

adsorbed on soil particle size fractions (Dai et al., 2017). The results reveal that after treatment 

with double-distilled water (three times) the phosphate desorption (%) decreased in the next 

sequence: fine silt > sand/coarse silt > clay. Meanwhile, with Ag or Cu ENPs the amount of 

phosphate desorbed from different soil fractions decreased between 0.33 and 0.85 times in 

comparison with the systems without ENPs and it was lower with Cu ENPs. In all systems with 

ENPs, fine silt soil fraction had the lowest phosphate desorption (%) (Table 14). 
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Table 14. Phosphate desorption (%) from soil particle size fractions in the presence and absence 

of Ag or Cu ENPs. 

Soil particle size 

fractions 

ENPs (%) Desorption Cycle  

  1 2 3 Total 

desorbed (%) 

Sand/coarse silt 0 13.70 9.66 7.39 30.76 

Fine silt  15.36 12.00 7.55 34.92 

Clay   11.88 7.37 5.00 24.25 

 Ag 

Sand/coarse silt 3 11.79 7.89 6.26 25.94 

Fine silt  7.60 6.35 5.06 19.01 

Clay   11.42 7.67 4.57 23.66 

Sand/coarse silt 5 9.94 7.39 5.68 23.01 

Fine silt  6.40 5.10 4.25 15.75 

Clay   9.20 6.34 3.85 19.40 

 Cu 

Sand/coarse silt 3 8.81 9.15 6.02 23.98 

Fine silt  6.33 5.42 4.53 16.28 

Clay   7.86 5.46 3.68 17.00 

Sand/coarse silt 5 7.47 6.67 4.53 18.67 

Fine silt  4.94 4.25 2.42 11.61 

Clay  5.41 4.79 2.63 12.84 

 

3.4. Discussion 

The clay fraction showed an amount of total C, N and P (g·kg−1) and values of ECEC (cmol(+)·kg−1) 

are higher than for fine silt and sand/coarse silt fractions. These results are attributed to Fe and Al 

(hydr)oxides and colloid particles (1-1000 nm) contained in the clay size fraction (Liu et al. 2019), 

which have high reactivity and specific surface area and thus may contain more binding sites to 

accumulate/adsorb strongly OM, nutrients and cations (Antilén et al., 2004). Several researchers 

have reported similar results for fractions with the smallest particle size extracted from paddy soil 

(Dai et al., 2017), Luvisols (Jiang et al., 2015), silty clay loam soil (Qi et al., 2014) and Andisols 

(Calabi-Floody et al., 2011; Escudey et al., 2001; Matus et al., 2008). Nevertheless, the amount of 
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elements contained in each soil fraction depends on their mass (%). In this context, fine silt contain 

the highest amount of P (in grams), whereby that fraction is essential to keep in balance the 

ecosystem. 

The values of stoichiometric C:N, C:P and C:N:P molar ratios indicate that in clay size fraction 

there is low mineralization of organic P compounds compared to other soil fractions (Spohn, 2020). 

On the contrary, the values of stoichiometric relationships obtained for sand/coarse silt and fine silt 

fractions showed that naturally C, N and P are available to be taken up by microorganisms and 

plants. Similar results were obtained by Jiménez et al. (2008) for the stoichiometric relationship 

determined for fractions with different particle sizes extracted from a forest stands soil in 

northeastern Costa Rica. Also, the values of stoichiometry N:P molar ratio suggests that clay size 

fraction has a greater capacity to accumulate nitrogen-rich compounds than P compared to 

sand/coarse silt and fine silt fractions. On the other hand, the highest negative surface charge 

showed by clay size fraction was due to the high amount of organic carbon (OC) contained (Table 

11) (Calabi-Floody et al., 2011; Escudey et al., 2001).  

The phosphate adsorption kinetics with and without of ENPs was developed in two separate steps, 

whereby the adsorbate adsorption could not only be limited to the external surface area of the soil 

particles but the intraparticle diffusion and/or diffusion pores may also occur (Linquist et al., 1997; 

Wang et al., 2012). In the same way, several studies have identified that the kinetic adsorption 

mechanism of phosphate occurs in two steps (Barrow, 2015, 2021; Barrow et al., 2021). 

All the adsorption isotherms were L-type, showing that the soil size fractions with and without of 

ENPs have a high affinity for phosphate (Figure 15a–f). In particular, for sand/coarse silt and fine 

silt fractions, the isotherms reached a plateau but did not for clay size fraction. This indicates that 

the clay fraction had a higher number of available sites for phosphate than other soil size fractions 

(Limousin et al., 2007; Manjunath et al., 2018). In the presence of Ag or Cu ENPs, the adsorption 
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isotherms did not reach a plateau, suggesting that both ENPs contributed to forming new adsorption 

sites for phosphate molecules in different soil particle size fractions (Zhou et al., 2005). This 

asseveration may be supported by the ZP values obtained from phosphate adsorption on soil 

fractions in the presence of both ENPs, which were less negative than systems without ENPs 

(Figure 16).  

Figure 16. The pH-zeta potential curves (ZP) post-adsorption 9.71 mmol·L−1 phosphate in the 

presence and absence of 5% Ag or Cu ENPs at constant ionic strength (0.01 M KCl) for (a) 

sand/coarse silt, (b) fine silt and (c) clay fraction. 

 

Similarly, we determined that by increasing the Cu or Ag ENPs content, the curves for whole soil 

showed a much less strict plateau that without ENPs (Suazo-Hernández et al., 2021).  

Due to the Elovich kinetic and L-F models satisfactorily describing the phosphate adsorption, we 

can indicate that phosphate was adsorbed on highly heterogeneous surface fractions through a 

chemical interaction (Maslova et al., 2020; Riahi et al., 2017). Nevertheless, with increasing in Ag 

or Cu ENPs content the n values decreased, which implies that the presence of ENPs decreases the 
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degree of surface heterogeneity. In other words, ENPs can coat the heterogeneous fractions 

surfaces and confer them characteristics of an energetically homogeneous surface.  

Based on α values obtained from the Elovich model, phosphate is accessing the fastest on the 

adsorption sites from fine silt fraction. Meanwhile, in the presence of both ENPs the α values 

increased, therefore ENPs improved accessibility of adsorption sites from soil fractions for 

phosphate binding at the beginning of the adsorption process. This phenomenon could be 

associated with the low size and high reactivity of the nanoparticles (Xie and Zhao, 2016). 

However, Ag ENPs also caused a decrease in the α values, which indicates that ENPs can (i) 

compete with phosphate for available surface area and/or (ii) block the soil pores preventing a fast 

phosphate diffusion to adsorption sites (Li et al., 2007). Thus, the Ag and Cu ENPs showed 

different behavior in α values, contrary to our previous study (Suazo-Hernández et al., 2021). This 

difference suggested that the behavior of ENPs might be regulated by physicochemical properties 

of soil fractions as well as the doses and type of ENPs. In all cases, the α values were higher than 

β, indicating greater viability of phosphate adsorption than desorption process (Soliemanzadeh et 

al., 2016).  

According to the L-F model, the clay fraction showed the highest qmax value for the adsorption of 

phosphate. This can be explained due to its larger specific surface area, the presence of 

poorly crystalized and amorphous Al/Fe oxides, allophane and ECEC, especially Ca2+, Mg2+ and 

Al3+, compared to sand/coarse silt and fine silt fractions (Escudey et al., 2004, 2001; Galindo et al., 

1972; Huang et al., 2020; Ige et al., 2007; Xiao et al., 2013). Similar results have been reported for 

Entisol (Atalay, 2001), Ultisol soils (Atalay, 2001; Linquist et al., 1997) and sediments (Meng et 

al., 2014; Wang et al., 2006). Those properties also contributed that soils with a high percentage of 

clay particles had a great phosphate adsorption capacity (Mumbach et al., 2020; Sun et al., 2020). 

For instance, Sun et al. (2020) reported that the soil clay content was one of the most relevant 
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factors in the phosphate adsorption capacity in acid red soils. When increasing the ENPs content 

from 0 to 5% in sand/coarse silt, fine silt and clay fractions, the qmax values increased about 24.2% 

by adding Ag ENPs and 32.2% using Cu ENPs. In our recent work (Suazo-Hernández et al., 2021), 

using the Langmuir model we reported that by increasing the ENPs content from 0 to 5%, the qmax 

values of phosphate for Andisol with total OM increased by 46.4% following the Cu ENPs addition 

and by 54.0% using Ag ENPs. Those results were due to the presence of ENPs coated with L-

ascorbic acid caused a decrease in soil pH values and consequently, a decrease of the electrostatic 

repulsion between phosphate and soil surface occurred and was promoted the protonation of 

surface hydroxyl groups of Fe/Al (hydr)oxides, increasing the phosphate adsorption through ligand 

exchange. 

The lowest percent phosphate desorption and the highest KL-F value showed for the clay fraction 

indicate that the binding between clay and phosphate molecules was more favorable. Similarly, 

Linquist et al. (1997) found in a Ultisol soil that phosphate desorption was inversely proportional 

to soil particle size fractions. Moreover, with the use of Ag or Cu ENPs, the percent of phosphate 

desorption decreased and the KL-F and log Keq values increased in relation to the system without 

ENPs, indicating that Ag or Cu ENPs improved capacity in the solid phase of soil fractions to retain 

phosphate. At the same time, those values indicate that with Cu ENPs there is a stronger affinity 

of phosphate to the surface of soil fractions. A decrease in the availability of phosphate in soils due 

to the presence of ENPs have been reported previously (Suazo-Hernández et al., 2021; Koopmans 

et al., 2020). Particularly, we determined that with increasing Ag or Cu ENPs doses from 0 to 5%, 

phosphate desorption from whole soil decreased between 0.30 and 0.99 times with respect to 

systems without ENPs (Suazo-Hernández et al., 2021).  

On the other hand, fine silt fraction with ENPs showed the lowest desorption of phosphate and the 

highest adsorption. Therefore, in that fraction ENPs may cause a higher increment in the (i) 
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capacities of phosphate penetrating into internal adsorption sites and/or (ii) energy of adsorption 

sites. An increase in phosphate retention in the larger soil fractions generated by metallic ENPs 

have a long-term beneficial effect because it can be taken up by plants. 

3.5. Conclusions  

The results obtained in this study demonstrated that the Elovich kinetic (r2 ≥ 0.956 and χ2 ≤ 182) 

and Langmuir-Freundlich (L-F) isotherm (r2 ≥ 0.943 and χ2 ≤ 419) models showed a good fit to 

describe the data of phosphate adsorption on soil particle size fractions in the presence and absence 

of Ag or Cu ENPs. In general, the initial adsorption rate (α) from the Elovich model was 104.6% 

for sand/coarse silt mixture fraction and 203.1% for fine silt fraction higher than for clay size 

fraction. Furthermore, with both ENPs, the α values for soil fractions increased between 1.5 and 

15.6 times with respect to systems without ENPs. Based on the maximum adsorption capacity 

(qmax) from the L-F model, the phosphate adsorption was 17.3% for fine silt fraction and 47.0% for 

clay fraction higher than for sand/coarse silt soil fraction. The high phosphate adsorption on the 

clay fraction was mainly due to its high surface area. Meanwhile, in the presence of both ENPs the 

qmax values for soil fractions increased between 1.1 and 1.9 times in comparison to sand/coarse silt 

fraction without ENPs. Desorption results indicated that both ENPs enhanced phosphate retention 

on soil particle size fractions. This effect was more pronounced in the fine silt fraction using Cu 

ENPs. Finally, we concluded that in addition to the negative effects reported by Ag or Cu ENPs on 

beneficial soils microorganisms, we found that the use of ENPs in agricultural practices would 

favor the phosphorus retention process on various soil fractions, especially in the fine silt fraction.  
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Chapter 4: General discussion and concluding remarks 

4.1. General discussion 

Nowadays, ENPs are benefiting various economic sectors.  For example, in renewable energies, 

they make it cheaper to manufacture solar panels and make them more efficient (Hussein, 2015). 

In electronics, they enable the manufacture of smaller, faster and more efficient microchips and 

electronic devices (Bahiraei and Heshmatian, 2017). In medicine, they are used to repair damaged 

genes and to target cancer cells selectively. In agriculture, they enable the creation of agrochemicals 

with high efficiency and friendlier to the environment (Elemike et al., 2019). In relation to this, 

around 230 nanoproducts of 37 types have been introduced in 26 countries for animal husbandry, 

fertilizers, plant breeding, soil improvement and plant protection (Zobir et al., 2021). Some of those 

products are already being sold in Chile. Likewise, in national companies such as Nanotec, ENPs 

and especially Cu ENPs are being synthesized, and products such as disinfectants, masks, shampoo, 

alcohol spray, plastics and resins containing ENPs are being sold. Therefore, it is very likely that 

they are present in the Chilean environment. In this sense, Yu Wang et al. (2020) detected the 

presence of Ag ENPs in the Seine River watershed, which was associated with the constant release 

of Ag ENPs from consumer products into freshwaters in artificial areas, for instance, from textiles, 

washing machines, domestic tap-water filters, and outdoor paints. 

The main disadvantage of the excessive use of ENPs and their potential presence in terrestrial 

systems is the lack of knowledge about the effects and damages they can cause and their by-

products on soils. According to Table 4, it can be inferred that metallic and metal oxide ENPs can 

cause both positive and negative effects on soil biology and plants, which depends on soil type and 

the dose, form, and type of ENPs. In addition, the deposition of ENPs on soils modifies the physical 

and chemical properties and the phenomena of sorption, absorption, solubilization, ion exchange, 
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complexation, precipitation and chemical degradation of the elements in the solution (Xiong et al., 

2019). Of these processes, sorption (adsorption-desorption) is the most important because it has 

the greatest implication in regulating the availability and mobility of the elements in the soil 

solution (Imoto and Yasutaka, 2020; Strawn, 2021). 

In our study, we demonstrated that the addition of Cu and Ag ENPs to whole volcanic soil (total 

organic content (T-OM) with partial organic matter (R-OM)) and caused an increase in phosphate 

adsorption between 1.1 and 1.3 times in relation to systems without ENPs (Chapter II). While the 

adsorption of phosphate on fine silt, sand/coarse silt and clay fraction in the presence of ENPs 

increased between 1.1 and 1.4 times with respect to the system in the absence of ENPs (Chapter 

III). The results obtained were mainly associated with the decrease in the pH of the soil solution 

caused by the presence of ENPs and are consistent with what has been determined by different 

researchers (Park et al., 2017; Vistoso et al., 2009). 

The kinetic data showed that the adsorption of phosphate in T-OM and R-OM samples and soil 

fractions in the absence and the presence of ENPs occurs in a fast and a slow stage. This trend 

indicates that during the first minutes, the phosphate is adsorbed at the surface level in all systems. 

While in prolonged reaction periods, the phosphate penetrates into the soil pores (Weng et al., 

2020).   

The Elovich and pseudo-second-order model described the adsorption kinetics of phosphate on T-

OM and R-OM soil samples with and without ENPs, which means that phosphate was adsorbed 

through chemisorption on heterogeneous surfaces. Meanwhile, the kinetic data of phosphate 

adsorption on the soil fractions were only adjusted to the Elovich model. This mathematical 

equation showed satisfactory results (r2 ≥ 0.956 and χ2 ≤ 182). Therefore, it can be used to describe 

the kinetic process of phosphate adsorption. According to the Elovich model, the initial adsorption 
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rate values (α) are not related to the increase in the dose of ENPs, unlike the adsorption capacity, 

so the generation of adsorption sites is characteristic of each system. 

In the case of phosphate adsorption isotherms on T-OM and R-OM samples in the absence of ENPs, 

the Freundlich model adequately described adsorption. This indicates that phosphate adsorption 

occurred on a heterogeneous surface. Conversely, with ENPs the Langmuir model showed a better 

fit to the adsorption data. However, this model considers that all the adsorption sites are similar, so 

it does not support what is happening on the surface, as phosphate can be simultaneously adsorbed 

on soil samples and the surface of both ENPs. For this reason, phosphate adsorption isotherms on 

soil fractions with and without Cu or Ag ENPs were only fitted to the Langmuir-Freundlich (L-F). 

The L-F model showed values of r2 ≥ 0.943 and χ2 ≤ 239, which suggests that phosphate adsorption 

in the different systems occurs on heterogeneous surfaces. Based on results obtained from this 

research, we may establish that the L-F model may be used to explain the phosphate adsorption on 

a solid matrix in the presence of an external agent such as ENPs.   

Our research revealed that ENPs in soils could negatively affect the availability of P. In other 

words, in soils contaminated with ENPs, farmers must add greater amounts of phosphate fertilizers 

to maintain or increase the concentration of available P.  In addition, ENPs would generate a greater 

expenditure of money for farmers as well as greater risks of environmental contamination and 

problems in human health. However, how can we know if Chilean soil is contaminated with ENPs?. 

According to the law of general bases of the environment (19300), article 2, letter g, a pollutant 

corresponds to an element, compound, or substance, whose presence in the environment at certain 

levels, concentrations, or periods, constitutes a risk to people's health, the quality of life of the 

population and the preservation of nature (Ministerio Secretaría General de la Presidencia, 1994). 

In this way, it is possible to evaluate the potential presence of pollutants in Chilean soils considering 



 

 Chapter IV: General discussion and concluding remarks 

93 

 

the methodology proposed by MMA, CORFO, Fundación Chile, (2012). This methodology 

establishes that there must be (i) identification of soils with the presence of pollutants, (ii) 

preliminary risk assessment and (iii) and an action plan. It is worth mentioning that in our study, 

the concentrations of ENPs used were between 10 and 50 g·kg−1 soil. These concentrations are 

much higher than those found in nature at this time, which are of the order of 30 pg·kg−1 soil (Giese 

et al., 2018). However, if the corresponding actions are not taken, Giese et al. (2018) project that 

by 2050 the concentrations of ENPs in terrestrial systems will reach the 10 g·kg−1 soil.  

To date, several organizations have developed standards associated with the use of ENPs (Bhatt 

and Tripathi, 2011). In particular, in Chile, there are no environmental norms about the maximum 

limit for ENPs in the different natural matrices. In this context, it is essential that in Chile, there 

are environmental regulations about the manufacture and disposal of ENPs (Omari Shekaftik et al., 

2020), since those regulations are used as a reference to determine if a substance present in soils 

can be a pollutant (MMA, CORFO, Fundación Chile, 2012). 

 Considering that this study was carried out under controlled laboratory conditions, it is possible to 

suggest that in order to assess the safety and sustainability of future nanomaterial investigations 

realized in soils will be multidisciplinary and in natural systems. That is, they should evaluate the 

roles of all the actors present in the soil, microbes, bacteria, fungus, enzymes, nutrients, pollutants, 

plants and even exposure conditions, including the dosage and short and long times of exposure 

ENPs. Undoubtedly, all this would help understand the effects of ENPs, transformations, toxicity, 

fate, accumulation, and mobility in volcanic soils. 

4.2. Concluding remarks and future directions 

We concluded that both Cu and Ag ENPs synthesized using L-ascorbic acid as a reducing and 

coating agent showed a spherical morphology, particle sizes between 7 and 29 nm, acid 
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characteristics, and negative surface charge. While, the sequence followed by BET-specific surface 

area in decreasing order was: partial reduction of organic matter (R-OM) > clay > total organic 

matter (T-OM) > fine silt > sand/coarse silt and for total carbon was: clay fraction > T-OM > fine 

silt > sand/coarse silt > R-OM. 

 We found that the phosphate adsorption process in the presence of ENPs was dependent on the 

amount of ENPs, soil organic matter content, pH solution and particle size fraction of soil.  

In general, the addition of Cu ENPs caused a higher increase in phosphate adsorption on whole soil 

samples and its fractions as compared to the Ag ENPs. The Elovich kinetic and Langmuir-

Freundlich isotherm were the best equations to describe the phosphate adsorption in soil samples 

in the presence and absence of both ENPs. According to the isotherm model, the clay fraction 

showed the highest phosphate adsorption capacity. In the presence of both ENPs in whole soil 

samples and its fractions, phosphate adsorption increased between 1.1 and 1.9 times in relation to 

sand/coarse silt fraction without ENPs. R-OM sample showed the lowest phosphate desorption and 

with ascending both ENPs content, phosphate desorption decreased and it was lower with Cu than 

Ag ENPs. 

There is scarce research on the presence of metallic ENPs in Chilean volcanic soils, so the 

knowledge discovered in this study is highly relevant and could be used to avoid possible 

agronomic and environmental problems. Likewise, our study will raise awareness about the need 

to conduct more in-depth studies that consider understanding the effects of ENPs in nutrient 

availability in natural systems, including the effect on soil microbial diversity and activity. That is 

to say, in the presence of plants and associated soil microorganisms as well as getting to know 

about the behavior of ENPs and their fate in volcanic soils. 
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4.3. Graphical summary 
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Appendix 2. Pseudo-first-order parameters (± standard error) obtained from H2PO4
− adsorption 

kinetics in the absence and presence of different doses of Cu or Ag ENPs at pH 5.5 ± 0.2 for soil 

with total organic matter (T-OM) and with partial removal of organic matter (R-OM). 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

 

  Pseudo-first-order   

 ENPs (%)  qe (mmol·kg−1) k1 (x 10−3 min−1) r2 χ2 

T-OM 0 156.17 ± 6.67 198.74 ± 47.26 0.863 359 

R-OM  165.59 ± 7.45   211.84 ± 53.66 0.848 451 

  Cu  

T-OM 1 167.31 ± 8.04 193.24 ± 51.51 0.837 521 

R-OM  195.82 ± 6.57 161.68 ± 29.52 0.920 341 

T-OM 3 191.33 ± 9.83 218.03 ± 63.41 0.808 788 

R-OM  214.99 ± 5.21 325.27 ± 49.92 0.945 231 

T-OM 5 201.30 ± 10.50 163.33 ± 46.41 0.818 874 

R-OM  225.70 ± 6.54 378.92 ± 73.88 0.920 371 

  Ag  

T-OM 1 169.10 ± 11.39  151.57 ± 55.36  0.721 1018 

R-OM  168.74 ± 8.71 131.81 ± 36.76  0.848 583 

T-OM 3 190.85 ± 9.45  205.10 ± 56.89  0.820 725 

R-OM  173.22 ± 9.47 137.07 ± 40.53 0.830 694 

T-OM 5 204.51 ± 6.97 255.54 ± 51.15 0.905 403 

R-OM  183.79 ± 9.48  201.90 ± 58.12 0.814 727 
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Appendix 3. Zeta potential curves in the presence of 9.71 mmol·L−1 H2PO4
− and 5% Cu or 5% 

Ag ENPs at constant ionic strength (0.01 M KCl) for soil with (a) total organic matter (R-OM) 

and (b) partial removal of organic matter (R-OM). 
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Appendix 4. Adsorption isotherm curves of phosphate on (a) total organic matter (T-OM) and (b) 

partial removal of organic matter (R-OM) in the presence of 3% L-ascorbic acid or Cu2+ or Ag+. 

Reaction conditions: Concentrations from 0.016 to 9.71 mmol·L−1 phosphate on 0.5 g soil in 0.01 

M KCl at 20 ± 2 oC and pH 5.5. 
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