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Purpose
Engineered nanoparticles (ENPs) released into the environment can affect phosphate
(Pi) availability in soils. In this study, we evaluated the effect of silver (Ag) or copper
(Cu) ENPs (3 and 5%, w/w) on Pi sorption processes in soil particle size fractions.
Methods
The 2000-32 μm, 32-2 μm and <2 μm fractions were obtained from an agricultural
volcanic soil by wet-sieving and sedimentation methods. The Elovich kinetic and
Langmuir-Freundlich (L-F) isotherm models were used to describe the adsorption data
obtained from batch experiments.
Results
The initial adsorption rate (α) was determined from the Elovich model to be 105%
higher for the 2000-32 μm fraction and 203% higher for the 32-2 μm fraction than for
the <2 μm fraction (671 mmol kg  −1  min  −1  ). Meanwhile, with both doses of Cu
ENPs, the α values are increased for the soil size fractions, resulting in the formation of
adsorption sites for Pi. However, with Ag ENPs, the α values are both increased and
decreased for the different soil fractions; therefore, they can block or generate
adsorption sites. The maximum adsorption capacity (q  max  ) was determined from the
L-F model to be 17% higher for the 32-2 μm fraction and 47% higher for the <2 μm
fraction compared to that for the 2000-32 μm fraction (180 mmol kg  −1  ). With both
ENPs, the q  max  values are found to be between 1.1 and 1.9 times higher with
respect to the 2000-32 μm fraction without ENPs. In the absence of ENPs the highest
Pi desorption was found in the 32-2 μm fraction followed by 2000-32 μm fraction, and
finally <2 μm fraction. Moreover, the Pi desorption decreased for soil size fractions with
increasing Ag or Cu ENPs content, which was found to be more pronounced in the 32-
2 μm fraction in the presence of Cu ENPs.
Conclusions
The presence of Ag and Cu ENPs increases Pi retention in soil size fractions, which
can decrease soil fertility. Thus, future studies are recommended to find out the critical
amounts of ENPs, which may favor Pi retention without any negative effects on
agricultural soils.
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ENPs (Niaura et al. 1997; White and Hjortkjaer 2014). Moreover, we concluded that
due to the presence of ENPs in soil, solution pH decreased, and as a consequence,
the electrostatic repulsion between P and the soil surface decreased, and thus the
protonation of the surface hydroxyl groups of Fe/Al (hydr)oxides was promoted, which
increased Pi adsorption through a ligand exchange mechanism. In addition, with Cu
ENPs, the desorption of P from Volcanic soils was smaller than with Ag ENPs. These
results can be explained by a chemisorption-like interaction between P and Cu ENPs
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Engineered nanoparticles (ENPs) released into the environment can affect phosphate (Pi) 24 

availability in soils. In this study, we evaluated the effect of silver (Ag) or copper (Cu) ENPs (3 25 

and 5%, w/w) on Pi sorption processes in soil particle size fractions. 26 

Methods 27 

The 2000-32 μm, 32-2 μm and <2 μm fractions were obtained from an agricultural volcanic soil 28 

by wet-sieving and sedimentation methods. The Elovich kinetic and Langmuir-Freundlich (L-F) 29 

isotherm models were used to describe the adsorption data obtained from batch experiments. 30 

Results 31 

The initial adsorption rate (α) was determined from the Elovich model to be 105% higher for the 32 

2000-32 μm fraction and 203% higher for the 32-2 μm fraction than for the <2 μm fraction (671 33 

mmol kg−1 min−1). Meanwhile, with both doses of Cu ENPs, the α values are increased for the soil 34 

size fractions, resulting in the formation of adsorption sites for Pi. However, with Ag ENPs, the α 35 

values are both increased and decreased for the different soil fractions; therefore, they can block or 36 

generate adsorption sites. The maximum adsorption capacity (qmax) was determined from the L-F 37 

model to be 17% higher for the 32-2 μm fraction and 47% higher for the <2 μm fraction compared 38 

to that for the 2000-32 μm fraction (180 mmol kg−1). With both ENPs, the qmax values are found to 39 

be between 1.1 and 1.9 times higher with respect to the 2000-32 μm fraction without ENPs. In the 40 

absence of ENPs the highest Pi desorption was found in the 32-2 μm fraction followed by 2000-32 41 

μm fraction, and finally <2 μm fraction. Moreover, the Pi desorption decreased for soil size 42 

fractions with increasing Ag or Cu ENPs content, which was found to be more pronounced in the 43 

32-2 μm fraction in the presence of Cu ENPs. 44 

Conclusions 45 
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The presence of Ag and Cu ENPs increases Pi retention in soil size fractions, which can decrease 46 

soil fertility. Thus, future studies are recommended to find out the critical amounts of ENPs, which 47 

may favor Pi retention without any negative effects on agricultural soils. 48 

Keywords: Engineered nanoparticles, Phosphate, Soil particle size fractions, Adsorption, Volcanic 49 

soil 50 

1 Introduction 51 

Engineered nanoparticles (ENPs) are defined as any intentionally produced particles that have a 52 

size that fluctuates in the range of 1-100 nm, which enables them to have a high surface/volume 53 

ratio, a large surface area, and a large number of reactive atoms on their surface (Auffan et al. 54 

2009). ENPs possess unique, novel and enhanced electronic, chemical, and mechanical properties 55 

compared to larger-size particles with the same chemical composition (Auffan et al. 2009; He et 56 

al. 2019). These properties, together with the high industrial capacity to design and produce ENPs, 57 

have allowed their incorporation into products used in fields such as medical care, food, 58 

decontamination, transportation, industrial energy, and agriculture, among others (Ebrahimbabaie 59 

et al. 2020). 60 

In agriculture, the use of nanoagrochemicals based on metallic silver (Ag), copper (Cu), iron (Fe), 61 

and aluminum (Al) ENPs is an alternative to traditional agrochemicals to treat infections in plants, 62 

reduce the amount of fertilizer added, and increase the growth, development, yield, and quality of 63 

plants without damaging productivity (Cota-Ruiz et al. 2020). In this sense, it is estimated that the 64 

concentration of metallic and metal oxide ENPs deposited in agricultural soils will increase from 65 

3 ng kg−1 in 2017 to 30 g kg−1 for 2050 (Giese et al. 2018). Among the most commonly used 66 

metallic ENPs to treat and control diseases, Ag and Cu stand out due to their antibacterial, virucidal, 67 

and antifungal properties (Arya et al. 2018). In this sense, both ENPs demonstrate the ability to 68 

inhibit the growth of pathogenic fungi (Hashmi et al. 2019; Malandrakis et al. 2021) and Gram-69 
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negative and Gram-positive bacteria (Benassai et al. 2021; Rolim et al. 2019). Additionally, 70 

because Cu is a micronutrient for plants, Cu ENPs can promote the growth of tomato plants (Lopez-71 

Lima et al. 2021), increase the total seed number and grain yield in maize (Van Nguyen et al. 2021) 72 

and improve the physiology of alfalfa (Cota-Ruiz et al. 2020). A potential consequence of the 73 

massive application of Ag and Cu ENPs in agricultural practices is their uncontrolled release into 74 

the natural environment and particularly into agroecosystems, making it necessary to study the 75 

behavior and implications of ENPs in soils. To date, there have been several studies on the 76 

transformations, fate, toxicity, and transport of ENPs in the soil matrix (Abbas et al. 2020; He et 77 

al. 2019; Parada et al. 2019). Nevertheless, few investigations have evaluated the effects of ENPs 78 

on processes and reactions of elements in soils, such as complexation, dissolution, precipitation, 79 

coprecipitation, and sorption (adsorption/desorption). In particular, adsorption/desorption 80 

processes play an essential role in regulating element availability (Yang et al. 2019). In soils, 81 

phosphorus (P) is among the most essential elements for plant growth and is taken up by plants 82 

mainly in the form of inorganic phosphate (H2PO4
−) (Parra-Almuna et al. 2020). In this context, 83 

phosphate (Pi) sorption studies in the presence of ENPs have been focused on whole soil (<2 mm), 84 

which have demonstrated that iron oxide ENPs (Koopmans et al. 2020), Al2O3 and TiO2 ENPs 85 

(Taghipour and Jalali 2015) and Cu or Ag ENPs (Suazo‐ Hernández et al. 2021) can increase the 86 

soil capacity to retain Pi. In our recent study (Suazo-Hernández et al. 2021), we found that with 87 

increased dosage of Cu or Ag ENPs from 0 to 5% (w/w), Pi adsorption is increased between 1.3 88 

and 2.0 times for an Andisol with total organic matter (OM) and with partial removal of OM in 89 

relation to systems without ENPs. Consequently, a higher Pi accumulation can decrease the 90 

stoichiometric C:N:P molar ratio, affecting nutrient levels and the optimal growth and development 91 

of plants (Song et al. 2014). 92 
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Soil is composed of various particle size fractions (Sparks 2003), which are relevant in the different 93 

physical, chemical, and biological processes that occur in the soil matrix. In relation to this, the 94 

adsorption/desorption processes of Pi on soil fractions not only differ greatly from the whole soil, 95 

but they also vary markedly between the individual particle size fractions (Acosta et al. 2011). In 96 

general, sorption studies have shown that Pi adsorption capacity increases with decreasing particle 97 

size (Atalay 2001; Cui et al. 2019). In volcanic soils, Pi adsorption on the clay size fraction is 98 

higher and stronger than that on the whole soil, which is associated with the greater presence of 99 

amorphous and poorly crystallized minerals Fe/Al oxides and allophane (Borie et al. 2019; Escudey 100 

and Galindo 1983; Redel et al. 2016). Amorphous allophane aluminosilicate is the main component 101 

of the clay fraction, representing > 50% of the mass, while in whole volcanic soils, it is close to 102 

5% (Molina et al. 2007; Mora and Barrow 1996). 103 

To evaluate the implication of ENPs on the whole volcanic soil capacity to accumulate or release 104 

Pi, it is essential to explore Pi sorption processes on different soil fractions in the presence of ENPs. 105 

The aim of our study was to evaluate the combined effect of soil particle size fractions and ENPs 106 

on Pi sorption processes in a volcanic soil by using Elovich kinetic and Langmuir-Freundlich 107 

isotherm models. 108 

2 Materials and methods 109 

2.1 Chemicals and Cu and Ag ENPs used 110 

AgNO3, CuCl2·2H2O, L-ascorbic acid, KH2PO4, KCl, KOH, HCl analytical grade (Merck), and 111 

double distilled water were used. The Cu and Ag ENPs stabilized with L-ascorbic acid used were 112 

synthesized and characterized in our previous study (Suazo-Hernández et al. 2021). Briefly, Cu 113 

ENPs (or Ag ENPs) were synthesized by mixing 10.0 mmol L−1 CuCl2·2H2O (or 10.0 mmol L−1 114 

AgNO3) in 50 mL double distilled water. An Erlenmeyer flask containing the solution was heated 115 

in a water bath at 80 °C with magnetic stirring, and 50 mL of 1.0 mol L−1 L-ascorbic acid solution 116 
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was added dropwise into the flask while stirring. The aqueous dispersion of Cu and Ag ENPs had 117 

a diameter ranging between 7 nm and 29 nm (Suazo-Hernández et al. 2021). The isoelectric point 118 

of Cu ENPs was 2.7, whereas Ag ENPs had a negatively charged surface in the pH range from 2.5 119 

to 8.5. 120 

2.2 Soil used and its fractionation 121 

The soil used was an Andisol belonging to the Santa Barbara series in southern Chile (36° 50´ S; 122 

113 71° 55´ W). The soil sample was taken from the top 20 cm of the soil horizon, and it was 123 

passed through a 2 mm mesh sieve and dried in air (1 day at room temperature). The whole soil 124 

was fractionated into three particle size fractions according to a wet-sieving method assisted by 125 

ultrasonication and sedimentation following the methodology proposed by Genrich and Bremner 126 

(1974) and modified by our laboratory group (Calabi Floody et al. 2011; Escudey et al. 2001) to 127 

separate soil fractions from Andisols. Briefly, 100 g of original soil was weighed and added to 360 128 

mL of double distilled water into glass bottles. The soil suspension was left to shake at 200 rpm 129 

overnight to be passed through a 32 μm sieve (soil particle sizes ranging from 2000 μm to 32 μm 130 

represented the sand/coarse silt mixture fraction), and it was washed repeatedly with double 131 

distilled water. Subsequently, 200 mL of <32 μm-double distilled water suspension was 132 

ultrasonically dispersed by applying 7,500 J g−1 (repeatedly) using a Vibra Cell High-Intensity 133 

model VC 750 (Sonics and Materials Inc. Danbury, CT) equipment. The <32 µm fraction 134 

suspension was placed in a one-liter graduated cylinder, from which the size fraction <2 μm (clay 135 

size fraction) was obtained by sedimentation under gravity, following Stokes law, from the first 20 136 

cm, and the remaining suspension corresponded to the size fraction ranging from 32 μm to 2 μm 137 

(represented as the fine silt fraction). The separated <2 μm suspension was sedimented by adding 138 

1.8 mol L−1 NaCl and washed four times with double distilled water to minimize the excess of 139 

NaCl. Finally, the soil fractions were freeze-dried and stored for further analysis. 140 
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2.3 Physicochemical characterization of the soil particle size fractions 141 

The pH of the soil fractions was determined in a 1:2.5 soil-water suspension using the method 142 

described by Sadzawka et al. (2006) for Chilean Andisols. The total nitrogen (N) and carbon (C) 143 

contents were determined by the dry combustion method using a EuroEA 3000 Series elemental 144 

analyzer (Euro Vector Inc, Milan, Italy). Total phosphorus was extracted by sodium hypobromite 145 

(NaBrO) (Dick and Tabatabai 1976) and analyzed according to Murphy and Riley (1962). The 146 

stoichiometric C:N, C:P, N:P, and C:N:P molar ratios are shown. Exchangeable aluminum (Al) 147 

was extracted with KCl (1 mol L−1) (Sadzawka et al. 2006) and analyzed using a Unicam model 148 

Solaar 969 atomic absorption spectrophotometer (AAS) (Unicam Ltd, Cambridge, England). 149 

Exchangeable cations (Mg, Ca, K and Na) were extracted with NH4Ac (1 mol L−1, pH 7.0) and 150 

analyzed by AAS (Sadzawka et al. 2006). The effective cation exchange capacity (ECEC) was 151 

determined as the sum of exchangeable Al plus the exchangeable cations. The specific surface area 152 

in the soil fractions was calculated by the Brunauer–Emmett–Teller (BET) method for N2 153 

adsorption with a Quantachrome Nova 1000e (Quantachrome Instruments, Boynton Beach, FL, 154 

USA). The zeta potential (ZP) of each soil fraction was measured with a Nano ZS apparatus 155 

(Malvern Instruments, Worcestershire, UK). Additionally, the ZP of the soil fractions was 156 

determined post-adsorption for Pi in the presence and absence of 5% Ag or Cu ENPs using high 157 

point adsorption isotherms. 158 

2.4 Batch adsorption assays 159 

Batch techniques were performed to determine the amount of Pi adsorbed onto the particle size 160 

fractions of soil with and without Ag or Cu ENPs. In 50 mL polypropylene centrifuge tubes, 0, 3, 161 

and 5% Ag or Cu ENPs were added to 0.5 g of each soil fraction (w/w). 162 

The kinetic study was carried out with 20 mL taken from an initial stock solution of 6.47 mmol L−1 163 

of Pi and a pH of 5.5 ± 0.2. The amount of Pi present in the solution was determined in time 164 
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intervals ranging between 2.5 and 1440 min. Adsorption isotherms on soil particle size fractions 165 

were determined using 20 mL of Pi solution at different concentrations (0.02 − 9.71 mmol L−1) at 166 

pH 5.5 ± 0.2. The soil suspensions used for adsorption isotherm experiments were stirred for 1440 167 

min. Kinetic and equilibrium adsorption analyses were conducted using KCl 0.01 mol L−1 as ionic 168 

strength, and the suspensions were stirred at 200 rpm at 20 ± 2 °C. The soil fraction samples were 169 

centrifuged for 10 min at 10,000 rpm using a Sorvall Model RC-5B Plus centrifuge. After shaking 170 

the soil fraction samples, the supernatant was filtered through syringe filters with a 0.45 μm pore 171 

size. The Pi amount in the supernatant solution was determined using a Rayleigh UV-2601 172 

spectrophotometer (BRAIC, Beijing, China) at a wavelength of 880 nm by the molybdate-blue 173 

colorimetric procedure (Murphy and Riley 1962). The concentration of Pi adsorbed at time t (qt, 174 

mmol kg−1) on soil fractions with and without Ag or Cu ENPs was determined by the following 175 

equation: 176 

                                                                              qt=

(C0 − Ct)V

(w)
                                                                  (1) 177 

where Co (mmol L−1) is the initial concentration of Pi, Ct (mmol L−1) is the concentration of Pi at 178 

time t or the equilibrium concentration, w is the mass (kg) of the soil fractions used and V is the 179 

volume (L) of the adsorptive solution. 180 

2.5 Modeling of the adsorption assays 181 

The kinetic data for Pi adsorption on different soil fractions were fitted by the Elovich model. This 182 

model describes an adsorption process on a heterogeneous solid substrate (Cea et al. 2010). The 183 

Elovich model is represented by equation 2: 184 

                                                                         qt =
1

β
ln(αβt)                                                                (2) 185 
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where qt (mmol kg−1) is the concentration of Pi adsorbed at time t (min), α (mmol kg−1 min−1) is 186 

associated with the initial adsorption rate and β (mmol kg−1) is associated with the number of sites 187 

available for Pi adsorption and the desorption constant. 188 

Using the parameters of the Elovich model, it is possible to obtain the equilibrium constant (Keq) 189 

for the Pi adsorption process through equation 3 (Cea et al. 2010): 190 

                                                                            Keq =
α

β
                                                                               (3) 191 

The adsorption data obtained from Pi isotherms for different soil particle size samples were 192 

described by the Langmuir-Freundlich (L-F) model. The L-F model describes chemical adsorption 193 

on an energetically heterogeneous surface (Yin et al. 2018). The L-F model is represented by the 194 

following expression: 195 

                                                                          qe =
qmaxKL−FCe

1
n

1 +  KL−FCe

1
n

                                                             (4) 196 

where qe (mmol kg−1) is the concentration of Pi adsorbed at equilibrium, qmax (mmol kg−1) is the 197 

maximum adsorption capacity, KL-F (L kg−1) is the L-F affinity parameter, Ce (mmol L−1) is the 198 

concentration of Pi in solution at equilibrium and 1/n is the heterogeneity factor. 199 

2.6 Batch desorption assays 200 

Desorption experiments for Pi were performed to analyze the effect of ENPs on the potential Pi 201 

release from soil fractions. Once the Pi adsorption isotherm procedure ended, the supernatant from 202 

the highest points was replaced three times (repeatedly) with 20 mL of double-distilled water. Then, 203 

the suspensions were stirred at 200 rpm in an orbital shaker at 20 ± 2 °C for 24 h, and the Pi in the 204 

solution was analyzed similar to that in the adsorption experiments. Desorption (%) was calculated 205 

from the amount of Pi adsorbed in the soil fractions and the Pi desorbed into aqueous solution by 206 

using equation 5: 207 
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                                             Desorption (%) =
Amount of Pi desorbed 

Amount of Pi adsorbed
 x 100                               (5) 208 

2.7 Data analysis 209 

All results were recorded as the mean of three replicates, and all calculations were based on the 210 

average ± standard deviation. Statistical analyses were carried out using the software program Origin 211 

Pro 9.0. 212 

3 Results 213 

3.1 Characterization of particle size fractions in a volcanic soil 214 

The 32-2 μm fraction was the dominant fraction with a content of 59.3%, followed by the <2 μm 215 

size fraction with a content of 24.5% and finally by the 2000-32 μm fraction with a content of 216 

16.2% of the mass of the original soil (Table 1). The pH values obtained for the 2000-32 μm, 32-2 217 

μm, and <2 μm size fractions were 5.6, 6.0, and 6.2, respectively. The total amount of P, C, and N 218 

in units of g kg−1 and specific surface area followed the order of <2 μm > 32-2 μm > 2000-32 μm, 219 

and for ECEC, the order was <2 μm > 2000-32 μm > 32-2 μm (Table 1). On the other hand, the 220 

stoichiometric C:N, C:P, and C:N:P molar ratios followed the soil fraction order of 2000-32 μm > 221 

32-2 μm > <2 μm. Finally, the zeta potential (ZP) of the soil size fractions was observed to be 222 

negative in all pH ranges studied (Fig. 1). 223 

3.2 Pi adsorption kinetics 224 

As shown in Figure S1a–f, the prolongation of the agitation time and increase in Ag or Cu ENPs 225 

content provokes an increase in the total amount of Pi adsorbed on different soil fractions. In most 226 

cases, the kinetic adsorption of Pi on the soil fraction is separated into a fast stage (≤ 45 min) and 227 

a slow stage (> 45 min) (Figs. S1a–f and 2Sa–f). Specifically, during the first 45 min, 228 

approximately 39%, 42%, and 46% of the total amount of Pi added (248.9 mmol kg−1) is removed 229 

by 32-2 μm, 2000-32 μm, and <2 μm size fractions, respectively. Meanwhile, with Ag or Cu ENPs, 230 
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at least 50% of the total amount of Pi added is removed by the soil size fractions within 45 min. 231 

For most kinetic systems, the adsorbed amount increases slightly until reaching equilibrium at >720 232 

min (Fig. S1a–f). 233 

The correlation coefficient values (r2) for the fits obtained using the Elovich model of Pi adsorption 234 

by soil particle size fractions with and without Ag or Cu ENPs (Fig. 2a–f) range between 0.956 235 

and 0.992, and the chi-squared (χ2) value ranges from 5 to 182 (Table 2). Without ENPs, the initial 236 

adsorption rate (α) from the Elovich model is 105% higher for the 2000-32 μm fraction and 203% 237 

higher for the 32-2 μm fraction than for the <2 μm fraction (671 mmol kg−1 min−1). In the presence 238 

of ENPs, the α values show an increase of between 47.0% and 1460% with respect to the systems 239 

without ENPs, except for the 3% Ag ENPs/32-2 μm and 5% Ag ENPs/32-2 μm and 2000-32 μm 240 

fraction systems. The sequence followed by the number of sites available for the adsorption and 241 

desorption constant (β) was 2000-32 μm > 32-2 μm > <2 μm, and with ENPs, the β values decrease 242 

in relation to systems without ENPs. In the presence of both ENPs, the log Keq values are higher 243 

than those without ENPs, except for the 3 and 5% Ag ENPs-32-2 μm systems (Table 2). 244 

3.3 Pi adsorption isotherms 245 

Figure 3a–f show that Pi adsorption decreases with increasing soil particle size fractions, indicating 246 

that the adsorption capacity of Pi by fine soil particles is greater than that for coarse particles. In 247 

addition, when increasing the ENP dosage, Pi adsorption increases, and the tendency is similar to 248 

that found for systems without ENPs. 249 

The adsorption isotherms obtained for Pi on soil fractions with and without ENPs are well fitted 250 

by the Langmuir-Freundlich (L-F) model (Table 3, r2 ≥ 0.943 and χ2 ≤ 419). The Pi maximum 251 

adsorption capacity (qmax) for the 32-2 μm and <2 μm fractions is approximately 17% and 47%, 252 

respectively, higher than that for the 2000-32 μm soil fraction (180.01 mmol kg−1). Meanwhile, 253 

with 5% ENPs, the qmax values increase in a range between 36% and 54% for the 32-2 μm fraction 254 
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and between 89% and 91% for the <2 μm fraction in relation to the 2000-32 μm fraction without 255 

ENPs. The sequence followed by the affinity parameter (KL-F) value is <2 μm > 2000-32 μm > 32-256 

2 μm (Table 3). With Ag or Cu ENPs, the KL-F values increase between 1.3 and 10.0 times with 257 

respect to the systems without ENPs and are higher with Cu ENPs. The constant related to the 258 

degree of heterogeneity (n) shows the sequence of <2 μm > 2000-32 μm > 32-2 μm. With increasing 259 

Ag or Cu ENPs content, the n values decrease between 0.4 and 0.7 times in relation to the systems 260 

without ENPs and are lower with Cu ENPs. 261 

3.4 Pi desorption in water 262 

Desorption investigations enable us to predict the availability and potential mobility of Pi adsorbed 263 

on soil particle size fractions. The results reveal that after treatment with double distilled water 264 

(three times), the Pi desorption (%) is decreased as follows: 32-2 μm > 2000-32 μm > <2 μm (Table 265 

4). Meanwhile, with Ag or Cu ENPs, the amount of Pi desorbed from different soil fractions is 266 

decreased between 0.33 and 0.85 times in comparison with the systems without ENPs, and it is 267 

lower with Cu ENPs. In all systems with ENPs, the 32-2 μm soil fraction shows the lowest Pi 268 

desorption (%) (Table 4). 269 

4 Discussion 270 

The <2 μm fraction shows higher amounts of total C, N, and P (g kg−1) and values of ECEC (cmol(+) 271 

kg−1) than the 32-2 μm and 2000-32 μm fractions. These results can be attributed to colloid particles 272 

(1-1000 nm) and allophane contained in the <2 μm size fraction (Liu et al. 2019), which have high 273 

reactivity and specific surface area, and thus, may contain more binding sites to strongly 274 

accumulate/adsorb OM, nutrients and cations. Several researchers have reported similar results for 275 

the smallest particle size fractions extracted from Aridisol (Fernández et al. 2015) and Mollisol 276 

soils (Chaparro et al. 2020). 277 
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According to Spohn (2020), the values of the stoichiometric C:N, C:P, and C:N:P molar ratios 278 

obtained indicate that in the <2 μm fraction, there is a low mineralization of organic P compounds 279 

compared to other soil fractions. In contrast, the values for the stoichiometric relationships obtained 280 

for the 2000-32 μm and 32-2 μm fractions show that C, N, and P are available to be taken up by 281 

microorganisms and plants. Similar results were reported by Jiménez et al. (2008) for the 282 

stoichiometric relationship for different particle size fractions extracted from an Inceptisol soil in 283 

northeastern Costa Rica. On the other hand, the highest negative surface charge shown by the <2 284 

μm size fraction was due to the high amount of organic carbon (OC) contained (Table 1) (Calabi-285 

Floody et al. 2011; Escudey et al. 2001). 286 

The Pi adsorption kinetics with and without ENPs indicate two separate steps, whereby adsorption 287 

is not only limited to the external surface area of the soil particles but intraparticle diffusion can 288 

also occur (Linquist et al. 1997). In the same way, several studies, Barrow (2015; 2021) and Barrow 289 

et al. (2021), have reported that the kinetic adsorption mechanism for Pi on soils occurs via two 290 

steps. 291 

All the adsorption isotherms were L-type, showing that the soil fractions with and without ENPs 292 

have a high affinity for Pi (Fig. 3a–f). In particular, for the 2000-32 μm and 32-2 μm fractions, the 293 

isotherms reaches a plateau but not for the <2 μm size fraction. This indicates that the <2 μm 294 

fraction still has available sites for Pi adsorption (Limousin et al. 2007). In the presence of Ag or 295 

Cu ENPs, the adsorption isotherms did not reach a plateau, suggesting that both ENPs contribute 296 

to the formation of new adsorption sites for Pi molecules in different soil fractions (Zhou et al. 297 

2005). This observation may be supported by the zeta potential values obtained from Pi adsorption 298 

on soil fractions in the presence of both ENPs, which are less negative than systems without ENPs 299 

(Fig. 4a–c). 300 
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The Elovich kinetic and L-F isotherm models satisfactorily describe the Pi adsorption, which 301 

indicates that chemical interactions are involved in Pi adsorption on the highly heterogeneous 302 

surface of soil size fractions (Maslova et al. 2020). Nevertheless, with increasing Ag or Cu ENPs 303 

content, the n values decrease (Table 3), which implies that the presence of ENPs decreases the 304 

degree of surface heterogeneity (Chatterjee and Woo 2009). In other words, ENPs can coat the 305 

heterogeneous surface sites of the fractions and confer to them the characteristics of a rather 306 

energetically homogeneous surface. 307 

Based on α values obtained from the Elovich model, Pi adsorbs the fastest on the adsorption sites 308 

of the 32-2 μm fraction. In the presence of Cu ENPs, the α values always increase; therefore, ENPs 309 

improve the accessibility of adsorption sites from soil fractions for Pi binding at the beginning of 310 

the adsorption process. This phenomenon can be associated with the small size and high reactivity 311 

of the Cu nanoparticles. Meanwhile, Ag ENPs lead to both an increase and decrease in the α values, 312 

which indicates that ENPs can (i) promote the adsorption sites by Pi, (ii) compete with Pi for 313 

available surface sites and/or (iii) block the soil pores, preventing fast Pi diffusion to adsorption 314 

sites. Thus, Ag and Cu ENPs show different behavior for the α values, contrary to our previous 315 

study (Suazo-Hernández et al. 2021). This difference suggests that the behavior of ENPs might be 316 

regulated by the physicochemical properties of the soil fractions as well as the dosage and type of 317 

ENPs. In all cases, the α values are higher than β, which shows greater viability of Pi adsorption 318 

than the desorption process (Soliemanzadeh et al. 2016). 319 

According to the L-F model, the <2 μm fraction shows the highest qmax value for the adsorption of 320 

Pi (Table 3). This can be explained by its larger specific surface area, ECEC, especially Ca2+ and 321 

Mg2+ (Table 1), and possibly due to the higher presence of poorly crystallized and amorphous Al/Fe 322 

oxides and allophane compared to the 2000-32 μm and 32-2 μm fractions (Borie et al. 2019; 323 

Escudey and Galindo 1983; Redel et al. 2016). Similar results have been reported for Entisol 324 
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(Atalay 2001) and Ultisol soils (Linquist et al. 1997). These properties are also contributed to soils 325 

with a high percentage of <2 μm particles having a great Pi adsorption capacity (Sun et al. 2020; 326 

Zhao et al. 2018). For instance, Zhao et al. (2018) reported that the soil clay content is one of the 327 

most relevant factors in the Pi adsorption capacity in Oxisol soils. When increasing the ENPs 328 

content from 0 to 5% in the 2000-32 μm, 32-2 μm, and <2 μm fractions, the qmax values are 329 

increased by approximately 24.2% by adding Ag ENPs and by 32.2% by adding Cu ENPs. It was 330 

shown in our previous work (Suazo-Hernández et al. 2021) using the Langmuir model that by 331 

increasing the ENP content from 0 to 5%, the qmax values of Pi for Andisol are increased by 46% 332 

and 54% following Cu ENPs and Ag ENPs addition, respectively. These effects were attributed to 333 

a decrease in soil solution pH from 5.4 to pH values between 5.0 and 3.8, which is due to the 334 

coating of ENPs with L-ascorbic acid and probably some dissolved L-ascorbic acid. As a 335 

consequence, the electrostatic repulsion between Pi and the soil surface is decreased, and the 336 

protonation of the surface hydroxyl groups of Fe/Al (hydr)oxides is promoted, increasing Pi 337 

adsorption through a ligand exchange mechanism (Suazo-Hernández et al. 2021). In addition, we 338 

reported that Pi could be adsorbed through hydrogen bonding on Ag ENPs, while on Cu ENPs it 339 

could be adsorbed through monodentate surface complexation (Suazo-Hernández et al. 2021). 340 

The lowest percent Pi desorption and the highest KL-F value shown for the <2 μm fraction indicate 341 

that the binding between <2 μm and Pi molecules is more favorable. In a similar manner, Linquist 342 

et al. (1997) found that Pi desorption in an Ultisol soil is inversely proportional to soil particle size 343 

fractions. Moreover, with the presence of Ag or Cu ENPs, the percent of Pi desorption is decreased, 344 

and the KL-F and log Keq values are increased in relation to the system without ENPs, indicating 345 

that Ag or Cu ENPs enhance the capacity in the solid phase of soil fractions to retain Pi. At the 346 

same time, the results indicate that with Cu ENPs, there is a stronger affinity of Pi to the surface of 347 

the soil fractions. A decrease in the availability of Pi in soils due to the presence of ENPs has been 348 
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reported previously (Suazo-Hernández et al. 2021; Koopmans et al. 2020). It was found that with 349 

increasing Ag or Cu ENPs dosage from 0 to 5%, Pi desorption from soil is decreased between 0.30 350 

and 0.99 times with respect to systems without ENPs (Suazo-Hernández et al. 2021). On the other 351 

hand, the 32-2 μm fraction with ENPs shows the lowest desorption of Pi and the highest adsorption. 352 

Therefore, in that fraction, ENPs can lead to a higher increase in the retention of Pi. 353 

5 Conclusions 354 

In this article, we show an effect-oriented study of phosphate (Pi) adsorption on soil fractions with 355 

and without Ag or Cu ENPs by using Elovich kinetic and Langmuir-Freundlich (L-F) isotherm 356 

models. The results indicate that in the absence of ENPs, the initial adsorption rate (α) follows the 357 

order of <2 μm < 2000-32 μm < 32-2 μm. With Cu ENPs, the α values are increased for soil 358 

fractions, but with Ag ENPs, the α values are both increased and decreased for the soil fractions. 359 

The maximum Pi adsorption capacity (qmax) obtained from the L-F model follows the order of <2 360 

μm > 32-2 μm > 2000-32 μm. In the presence of both ENPs, the qmax values for the soil fractions 361 

are found to be between 1.1 and 1.9 times higher with respect to the 2000-32 μm fraction without 362 

ENPs (180 mmol kg−1). Both ENPs enhance Pi retention in the soil fractions, which is more 363 

pronounced in the 32-2 μm fraction with Cu ENPs. Thus, the deposition of ENPs in agricultural 364 

soils can favor the Pi retention process in various soil fractions, negatively affecting soil fertility. 365 

In the future, more research is necessary to determine the amounts of ENPs, which may favor Pi 366 

retention without any endangering of agricultural systems. 367 
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Tables  

Table 1 Physicochemical properties and stoichiometry molar ratios of C, N, and P of soil particle 

size fractions. 

aECEC: Effective cation exchange capacity. 

 

 

Parameter 2000-32 μm 32-2 μm   <2 µm 

Mass (%) 16.2 59.3 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 145:10:1 119:8:1 69:5:1 

K (cmol(+) kg−1) 0.7 ± 0.1 0.6 ± 0.0 0.9 ± 0.1 

Na (cmol(+) kg−1) 0.3 ± 0.0 0.7 ± 0.1 0.1 ± 0.0 

Ca (cmol(+) kg−1) 5.4 ± 0.2 3.8 ± 0.2 6.7 ± 0.2 

Mg (cmol(+) kg−1) 1.0 ± 0.0 1.6 ± 0.2 1.4 ± 0.2 

Al (cmol(+) kg−1) 0.1 ± 0.0 0.1 ± 0.0 0.5 ± 0.0 

ECEC (cmol(+) kg−1)a 7.5 ± 0.1 6.7 ± 0.1 9.6 ± 0.1 

Specific surface area (m2 g−1) 7.34 10.85 22.76 
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Table 2 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. 

 

 

 

 

 

Elovich model 

 

Soil particle size 

fractions  

ENPs  

(%) 

α  β  log Keq r2 χ2 

 

 (x 102 mmol kg−1 min−1)              (x 10-2 mmol kg−1)    

2000-32 μm 0 13.73 ± 1.13 8.29 ± 0.38 4.21 0.960 62 

32-2 μm    20.34 ± 2.98 8.00 ± 0.06 4.40 0.976 39 

<2 µm    6.71 ± 0.98 5.94 ± 0.40 4.05 0.981 49 

   Ag 

2000-32 μm 

3 

20.18 ± 1.73 7.06 ± 0.31 4.46 0.987 27 

32-2 μm   6.55 ± 0.69 5.17 ± 0.21 4.10 0.979 58 

<2 µm 24.33 ± 1.83 5.30 ± 0.20 4.66 0.967 127 

2000-32 μm 

5 

13.08 ± 0.09 6.24 ± 0.23 4.32 0.992 21 

32-2 μm   8.49 ± 0.50 5.61 ± 0.11 4.18 0.986 40 

<2 µm 39.98 ± 1.14 5.04 ± 0.12   4.90 0.985 65 

   Cu 

2000-32 μm 

3 

53.25 ± 7.19 7.45 ± 0.44 4.85 0.989 25 

32-2 μm   317.40 ± 30.44 7.81 ± 0.78 5.61 0.975 65 

<2 µm   34.42 ± 2.82 5.36 ± 0.61 4.81 0.956 182 

2000-32 μm 

5 

32.14 ± 3.72 6.26 ± 0.40 4.71 0.986 42 

32-2 μm   124.46 ± 14.24 6.50 ± 0.39 5.28 0.989 34 

<2 µm   26.62 ± 4.52 4.66 ± 0.25 4.76 0.989 53 
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Table 3 Langmuir-Freundlich parameters (± standard error) of soil particle size fractions obtained 

from phosphate adsorption isotherms in the presence and absence of Ag or Cu ENPs at pH 5.5 ± 

0.2. 

Langmuir-Freundlich model 

 

Soil particle size 

fractions  

ENPs 

 (%) 

qmax KL-F n 

 

r2 

 

χ2 

 
(mmol kg−1) (L kg−1) 

2000-32 μm 0 180.01 ± 17.17 1.73 ± 0.46 1.77 ± 0.16 0.988 39 

32-2 μm    211.15 ± 14.33 1.64 ± 0.20 1.69 ± 0.10 0.988 47 

<2 µm     264.58 ± 25.36  1.82 ± 0.28 2.02 ± 0.14 0.958 239 

  Ag 

2000-32 μm 3 202.20 ± 24.50 2.99 ± 0.54 1.31 ± 0.26 0.963 182 

32-2 μm    232.10 ± 11.50 7.77 ± 1.48 1.07 ± 0.14 0.984 112 

<2 µm  279.39 ± 18.36   4.34 ± 0.47 1.35± 0.20 0.990 85 

2000-32 μm 5 227.20 ± 16.11 4.25 ± 0.58 1.05 ± 0.17 0.973 181 

32-2 μm    245.41 ±12.32 10.76 ± 1.92 0.85 ± 0.13 0.978 184 

<2 µm   344.44 ± 17.42 2.34 ± 0.32 1.51 ± 0.14 0.995 51 

  Cu 

2000-32 μm 3 207.07 ± 7.02 9.31 ± 1.16 0.78 ± 0.09 0.990 60 

32-2 μm    230.84 ± 9.54 16.36 ± 2.14 0.64 ± 0.03 0.983 134 

<2 µm   287.00 ± 15.88 4.82 ± 2.42 1.09 ± 0.18 0.978 200 

2000-32 μm 5 245.54 ± 19.02 5.80 ± 0.70 0.89 ± 0.13 0.943 419 

32-2 μm    277.81 ± 15.84 14.43 ± 1.26 0.69 ± 0.08 0.981 191 

<2 µm   339.93 ± 10.30 3.97 ± 0.85 0.94 ± 0.13 0.986 154 
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Table 4 Phosphate desorption (%) (± standard error) obtained from soil particle size fractions in 

the presence and absence of Ag or Cu ENPs after shaking with double-distilled water for 24 h at 

20 ± 2 ºC. 

Phosphate desorbed (%) 

 

Soil particle size 

fractions  

 ENPs 

(%) 

Desorption cycle Total desorbed 

  1 2 3  

2000-32 μm 0 13.70 ± 1.51 9.66 ± 0.42 7.39 ± 0.02 30.76 ± 1.22 

32-2 μm   15.36 ± 2.23  12.00 ± 0.83 7.55 ± 0.63 34.92 ± 1.48 

<2 µm  11.88 ± 1.99 7.37 ± 0.24 5.00 ± 0.03 24.25 ± 1.02 

  Ag 

2000-32 μm 3 11.79 ± 1.33 7.89 ± 0.05 6.26 ± 0.08 25.94 ± 1.64 

32-2 μm   7.60 ± 0.62 6.35 ± 0.08 5.06 ± 0.06 19.01 ± 0.69 

<2 µm  11.42 ± 1.60 7.67 ± 0.29 4.57 ± 0.19 23.66 ± 0.98 

2000-32 μm 5 9.94 ± 1.53 7.39 ± 0.23 5.68 ± 0.31 23.01 ± 1.07  

32-2 μm   6.40 ± 0.94 5.10 ± 0.26 4.25 ± 0.21 15.75 ± 0.58 

<2 µm 9.20 ± 1.01 6.34 ± 0.07 3.85 ± 0.05 19.40 ± 0.55 

  Cu 

2000-32 μm 3 8.81 ± 1.93 9.15 ± 0.24 6.02 ± 0.34 23.98 ± 0.99 

32-2 μm   6.33 ± 0.35 5.42 ± 0.38 4.53 ± 0.28 16.28 ± 0.68 

<2 µm 7.86 ± 1.70 5.46 ± 0.16 3.68 ± 0.07 17.00 ± 1.25 

2000-32 μm 5 7.47 ± 1.41 6.67 ± 0.63 4.53 ± 0.15 18.67 ± 0.80 

32-2 μm   4.94 ± 0.41 4.25 ± 0.21 2.42 ± 0.02 11.61 ± 0.24 

<2 µm 5.41 ± 0.77 4.79 ± 0.35  2.63 ± 0.21 12.84 ± 0.83 

 



Figure captions 

Fig. 1 Zeta potential (ZP) measurement of different soil particle size fractions at various pH values 

in 0.01 mol L−1 KCl. 

Fig. 2 Kinetics of phosphate (Pi) adsorption at pH 5.5 ± 0.2 in the presence and absence of Ag 

ENPs on (a) 2000-32 μm, (b) 32-2 μm, and (c) <2 μm fractions or Cu ENPs on (d) 2000-32 μm, (e) 

32-2 μm, and (f) <2 μm fractions, fitted using the Elovich model.  

Fig. 3 Isotherms of phosphate (Pi) adsorption at pH 5.5 ± 0.2 in the presence and absence of Ag 

ENPs on (a) 2000-32 μm, (b) 32-2 μm, and (c) <2 μm fractions or Cu ENPs on (d) 2000-32 μm, (e) 

32-2 μm, and (f) <2 μm fractions, fitted using the Langmuir-Freundlich model. 

Fig. 4 The pH-zeta potential curves (ZP) post-adsorption 9.71 mmol L−1 phosphate (Pi) in the 

presence and absence of 5% Ag or Cu ENPs at constant ionic strength (0.01 mol L−1 KCl) (a) 2000-

32 μm, (b) 32-2 μm, and (c) <2 μm fractions. 
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