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Abstract
The interactions of nanoparticles (NPs) with different soil components have impact on their fate, transport, and behavior. The
present study was conducted to find operational extraction procedures for effective assessment of both plant availability and
leaching to groundwater of Zn applied to soils from zinc oxide (ZnO) NPs. A greenhouse experiment was performed in
lysimeters with different ZnO-NPs amounts (3, 20, and 225 mg Zn kg−1) in two typical soils in Central Spain. The experiment
was carried out spanning the whole plant life-cycle of cherry tomato and common bean. The soil extractable Zn amounts were
measured using chemical extraction procedures (the rhizosphere-based low-molecular-weight organic acids—LMWOAs—,
CaCl2, DTPA-TEA, water-soluble—WS—, and NH4Ac) and the diffuse gradients in thin films (DGT) technique. The regression
studies between extractable Zn concentrations and Zn concentrations in plant tissues showed that LMWOAs, CaCl2, WS, and the
DGT technique successfully predicted Zn concentrations in all the different parts of plants. The prediction capacity of the DTPA-
TEA and NH4Ac approaches were strongly influenced by soil type and plant species. LMWOAs, CaCl2, WS, and the DGT
technique were the most robust approaches for evaluation of Zn bioavailability from the soils treated with ZnO-NP. Although
LMWOAs andWS reagents were also able to estimate the total quantities of Zn that were leached to groundwater, the correlation
improved when soil type was included as a categorical variable. DTPA-TEA and NH4Ac were able to predict the Zn concen-
trations in the plant tissues only if soil type was considered as a categorical factor.
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Headings CaCl2, LMWOAs, WS, and DGT-technique estimated the Zn
concentration in plant from ZnO NPs in soil
The weak extractants and DGT technique offered the most robust
approaches
DTPA-TEA and NH4Ac regression models improve with soil type as a
categorical variable
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1 Introduction

The use of engineered nanoparticles (NPs) in agriculture has
created great interest as they have an enormous range of po-
tential applications in this sector, including in agrochemical
formulations such as pesticides and fertilizers (Montalvo et al.
2016; Bastani et al. 2018; Tombuloglu et al. 2019; Adisa et al.
2019). Using NPs would make it possible to reduce the
amount of plant protection products applied, minimize nutri-
ent losses in fertilization, and help increase yields through
optimized nutrient management (Kopittke et al. 2019; Pandorf
et al. 2019; Bala et al. 2019; Adisa et al. 2019). The fact that
approximately one third of the world’s soils are Zn deficient has
implications not only for plant growth and nutrition but also for
Zn concentrations in the edible parts of plants and human Zn
nutrition (Cakmak and Kutman 2018). In relation to this, Zn
oxideNPs (ZnONPs) have been proposed as a possible fertilizer
to alleviate Zn deficiencies in soils (Milani et al. 2012; Adhikari
et al. 2015; Lv et al. 2015, 2019; Montalvo et al. 2016).

Over the last decade, both positive and negative effects of
metal-based engineered NPs on the growth, yield, and physi-
ology of plants have been widely reported in the literature.
Plant responses to metallic and metal oxide NPs vary greatly
with plant species (and even ecotypes), growth stages, soil
properties, application methods, doses, and durations of NP
exposure, as well as the specific surface area and size-related
properties of NPs (Ebbs et al. 2016; Kopittke et al. 2019;
Poynton et al. 2019; Su et al. 2019; Tortella et al. 2019;
Meesters et al. 2019). The interactions of NPs with different
soil components have a profound impact on their fate, trans-
port, and behavior (Mitrano et al. 2017; El Hadri et al. 2018;
Baddar et al. 2019; Zhao et al. 2019). Natural soils exhibit
broader particle size distributions, more irregular grain shapes,
greater variations in surface charge, and a larger variety of
mineral surface types than synthetic culture media.
Engineered NPs applied to soils are subject to physical pro-
cesses as well as to chemical and biological reactions, and
they may be either retained in the solid matrix or mobilized
into pore water. Soil moisture content, repeated drying and
rewetting cycles, temperature, and especially soil pH may all
have an influence on the rate of the weathering process (Lock
and Janssen 2003; Rutkowska et al. 2015). Studies conducted
in natural soils and for whole-life cycles are necessary to de-
termine the fate of NPs in the environment and also their
behavior in soils and plants (Servin and White 2016; Rizwan
et al. 2017).

In most countries, risk assessments and the regulation of
contaminants are still mainly based on total concentration
threshold values Harmsen (2007, 2008). However, the risk
of exposure of sensitive receptors to metal-based engineered
NPs in soils and their transport to other environmental com-
partments (such as groundwater) have little relation to their
presence, but are highly dependent on their availability and,

particularly, their tendency to be transferred into soil pore
water (Rodrigues et al. 2016).

To study the environmental fate of classic-sized metals
(micrometer size), their availability in soils (whether actual
or potential) has often been evaluated using different one-
step extraction procedures involving chemical-extracting me-
dia of different strengths, including water, buffered (fixed pH)
and unbuffered (with the pH of the extractant mainly depend-
ing on the soil pH) neutral salts, complexing agents, mild
acids, and organic compounds. Of these extracting agents,
neutral-unbuffered salt solutions (such as CaCl2 or NaNO3)
are typically used in ion-exchange-based methods because, as
they are weak substitution agents, they can be used to evaluate
labile fractions through the replacement of their cation. Other
extractants, such as buffered salt solutions (e.g. 1.0 M
NH4OAc pH = 7.0) and complexing agents (e.g. ethylenedi-
am ine t e t r aace t i c a c id—EDTA—and d i e thy l ene
triaminepentaacetic acid—DTPA), are frequently applied be-
cause of their ability to form very stable water-soluble com-
plexes with a wide range of cations. Other weak extractions
that include water (WS) or LMWOAs (low-molecular-weight
organic acids) have also often been proposed as tools to assess
the availability of metals to plants. Although it is unlikely that
these chemical extraction techniques could imitate the process
of metal absorption or uptake in living organisms, the appli-
cation of chemical extraction procedures in soils mainly fo-
cuses on assessing the potential availability and mobility of
metals, which is related to their soil-plant transfer. This also
makes it possible to study their migration within the soil pro-
file, which is usually associated with groundwater problems
(Rauret 1998; Menzies et al. 2007; Alvarenga et al. 2013,
2014; De Santiago-Martín et al. 2014; De Santiago-Martin
et al. 2015; Karimi et al. 2019).

It is crucial to optimize and validate the operating features
of such extraction procedures before their application.
Chemical measurements in soils can help to estimate the risk
of Zn accumulation in plants if a correlation between the
resulting soil chemical values and plant metal amounts can
be demonstrated. The correlation coefficients, r, allow an eval-
uation of the overall prediction of bioavailability. However,
these tests will, in many cases, be soil- or site-specific and
cannot be extrapolated to other type of soils where other fac-
tors may control bioavailability. Generally, the inclusion of
soil properties variables improved the correlation coefficients
to different extent for different extraction methods (Feng et al.
2005a, b). The soil pH is a key driver of the Zn solubility
(Zhao et al. 2012a, b), and its influence on the availability of
ZnO-NPs has been little addressed (Cristina et al. 2015). In
relation to this, two typical soils of the Mediterranean area of
Central Spain are either acidic soils, which are characteristi-
cally low in organic matter, or soils characterized by medium
or high calcium carbonate, pH above 7.5, and also low organic
matter content (Alvarez et al. 2006; Obrador et al. 2007).
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Other approaches employed to estimate bioavailable con-
centrations of Zn in soils include the determination of metal
contents in soil through the diffusive gradient in thin films
(DGT) technique. Since the DGT technique was first de-
scribed by Davison and Zhang (1994), it has proven to be a
useful tool for assessing the bioavailability of metals in soils.
The DGT approach is based on Fick’s first law of diffusion
and is a technique for determining the labile metal/metalloid
content in soils. The DGT technique has been widely used for
evaluating the environmental impact and bioavailability of
various metals (Cr, Ni, Cu, Zn, As, and Cd), nutrients (P),
and other substances (drugs, antibiotics…).

Using the experience and knowledge gained from studies
of the chemical availability/mobility of trace metals in soils,
similar extraction techniques are now beginning to be used to
assess plant availability and leaching to ground water of
metals applied to soils from metal-based engineered NPs
(Zhao et al. 2012a, b; Antisari et al. 2013; Judy et al. 2015;
Gomes et al. 2015; Carbone et al. 2016; Hashimoto et al.
2017). The results obtained from these studies have been con-
tradictory and often inconclusive. The DGT technique has
also been suggested as a way to sample an available fraction
of metal concentrations in soils amended with metal-based
NPs. Although publications on the use of DGT in soils con-
taining NPs (from natural or applied sources) are still extreme-
ly limited, it is possible to find some papers in which the DGT
method was used when ZnO NPs, Ag NPs, AgCl NPs, or
Ag2S NPs were applied to the soil (Sekine et al. 2014; Wang
et al. 2016). Plant analysis should be used in combination with
soil tests before arriving at any firm recommendations for the
use of an extraction method to assess the bioavailability of
metals to plants from NPs in soils. To the best of our knowl-
edge, there are no published studies on the selection, compar-
ison, and, of particular importance, the validation of standard-
ized extraction techniques for estimating the pools of metals
applied to soils in the form of metal-based NPs that are (either
actually or potentially) available for plant uptake and also
potentially leachable to groundwater.

In relation to what has been outlined above, the hypothesis
of this paper is that operational extraction procedures could be
used to assess both the availability of Zn to plants and the
potential risk of Zn transport to groundwater resulting from
leaching after recent applications of Zn, in the form of ZnO-
NPs, to soils typical of the Mediterranean area (of central
Spain). To investigate this, we conducted a greenhouse exper-
iment, in lysimeters, which spanned the whole plant life-cycle
of cherry tomatoes and common beans grown in two soils
typical of the Mediterranean area (an acidic soil with a low
organic matter content and a calcareous soil characterized by a
pH of above 7.5 and with a medium-to-high calcium carbon-
ate content and a low organic matter content). The specific
objectives of our study were (i) to investigate the use of dif-
ferent chemical and DGT extraction protocols and the

relationships between the Zn-extractability found in the differ-
ent ZnO NPs-amended soils and patterns of Zn bioaccumula-
tion in plants and (ii) to ascertain whether the total quantities
of Zn that would be leached to groundwater (during the whole
plant life-cycle) could be predicted using operational extrac-
tion procedures.

2 Materials and Methods

2.1 Nanoparticle Characterization

ZnO NPs with a nominal primary particle size of less than
100 nm (i.e., rp ≤ 50 nm) and a specific surface area of 15–
25 m2/g (manufacturer’s data) were obtained from Sigma-
Aldrich (Germany). The characterization of ZnO NPs parti-
cles used in this study is shown in Supplementary
Information.

The size and shape of ZnO NPs were determined at the
ICTS Centro Nacional de Microscopía Electrónica under a
transmission electron microscope (TEM). A drop of the ZnO
NP suspension in n-butanol was placed onto a carbon-coated
copper grid, and the solvent was left to evaporate.
Subsequently, samples were observed with TEM (JEM-1400
PLUS) by integrated energy dispersive X-ray (EDX) spectros-
copy (Oxford Inca). The mean size and SD of each ZnO NP
were calculated by observing 200 ZnO NPs in random view
fields. For the nonspherical particles, the longer dimension
was measured. For hydrodynamic size, a concentrated suspen-
sion of ZnO NPs (500 mg/L) was prepared in Milli-Q water
and dispersed with a homogenizer/disperser (T25 digital
ULTRA-TURRAX, IKA®-Werke, Germany, at 100 Wand
40 kHz) for 20 min to break up agglomerates and to form a
homogeneous suspension. The particle size distribution (hy-
drodynamic diameter) and zeta-potential were determined by
a Nano-Zetasizer (1000 HS, Malvern Instrument Ltd., UK),
which uses the dynamic light scattering (DLS) technique. The
XRD pattern of this ZnO was assigned to the hexagonal phase
of zincite, while the peaks were sharp, indicating a good crys-
talline structure (Giri et al. 2007; Perelshtein et al. 2015).

2.2 Soil Sampling and Characterization

Soil samples were taken from the Ap horizon (0–20 cm) of
two uncontaminated soils in the Central Spain (Madrid) (Soil
1: 40° 44′ N, 3° 25′ W; and Soil 2: 40° 22′ N, 3° 24′ W).
Sampling was done at randomly selected points. To avoid
potential bias, 30–40 kg were taken from each sampling point
and homogenized. Then the soil samples were air-dried and
passed through a 2-mm sieve. Both soils were characterized in
a previous work using standard analytical determinations
(García-Gómez et al. 2017).
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A hydrometric method was used to analyze soil particle
size (Day 1965). Soil pH and electrical conductivity were
measured in a 1:2.5 and 1:5 (w:v) soil to water, suspension
and extract, respectively. The cation exchange capacity
(CEC) and available P were determined by the methods de-
scribed by Bower et al. (1952) and Olsen (1954), respective-
ly, procedure (Nelson and Sommers 1982) while total N was
determined by Kjeldhal digestion (Bremner 1996). The total
and free CaCO3 contents were determined by the methods
presented by Allison and Moodie (1965) and Nijensohn and
Pizarro (1960), respectively. Total N content was determined
by Kjeldahl method. Soil samples were also digested in a
microwave oven with a 1:1:1 HNO3/HF/double deionized
water mixture in Teflon bombs to determine total metal con-
tents (Fe, Cu, Mn, and Zn) in a sample preparation block
system (SPB Probe, Perkin-Elmer).

As is usual for uncontaminated soils of the Madrid area
(Alvarez et al. 2006; Obrador et al. 2007), both were char-
acterized by low organic matter content (< 2%). The Soil 1
was acidic (pH = 5.4) with a silt loam texture (USDA) and
negligible carbonate content; in contrast, Soil 2 was calcar-
eous (pH = 8.5) with a silty clay loam texture (USDA). The
clay content was significantly higher in the calcareous soil.
The total Zn concentration was higher in Soil 2
(61.8 mg kg−1) than in Soil 1 (40.1 mg kg−1). The soils were
classified as Luvisol and Cambisol (FAO 2015);
TypicPalexeralf and TypicHaploxerepts (Soil Survey Staff
2014), respectively. Both types of soils are common in many
parts of the Mediterranean area. The main physicochemical
properties of both selected soils are shown in the Table 1.

2.3 Greenhouse Experiment

A greenhouse experiment was performed in lysimeters in
which different amounts of ZnO NPs were applied in both
the acidic and calcareous soils. This study was performed
under what can be considered environmentally realistic con-
ditions in order to better understand the real impact of NPs on
the environment.

Two different plant species (cherry tomato and common
bean) were grown in polyethylene containers (each with a
capacity of 10 L, a mean internal diameter of 24 cm, and a
height of 24 cm). A 1.5-cm-thick layer of washed gravel and a
polyester mesh were placed in the bottom of each lysimeter to
facility aeration and drainage, and 10 kg of air-dried soil were
placed on top of this. The soil in the pots was amended with
100 mg N kg−1 as urea, 50 mg P kg−1 as KH2PO4, and
125 mg K kg−1 as KH2PO4 and K2SO4, all of which were
applied and mixed evenly with the upper layer of the soil
(3 kg of a total of 10 kg). The ZnO-NPs treatments used in
this study were based on applying an average of 3, 20, and
225 mg Zn kg− 1 (Zn bas i s ) ( i . e . 30 , 200 , and
2250 mg Zn pot−1, respectively) as dry ZnO NP powder.

Nontreated soils were used as controls to assess whether
ZnO NPs treatments could have affected plant growth.
These treatments were subsequently excluded from the statis-
tical analysis used to test the effectiveness of the soil extrac-
tion tests for assessing both Zn bioaccumulation patterns in
the plants and leaching to groundwater as they did not reveal
any effects associated with the recent addition of Zn from
ZnO-NPs. The application rate of 3 mg Zn kg-1 was very
low, but it was tested to reflect realistic conditions of ZnO
NPs in polluted natural soils ((Tiede et al. 2009). The applica-
tion rate of 20 mg Zn kg−1 was selected because it is a typical
Zn rate applied to soils when conventional Zn oxide
(microparticulate) is used as a fertilizer. A maximum applica-
tion rate of 225 mg Zn kg−1 was chosen, based on information
about the effects of ZnO-NPs on numerous plant species re-
cently reported in the literature (Raliya 2015; Bandyopadhyay
et al. 2015; Zuverza-Mena et al. 2017). Often, but not always,
concentrations of less than 200–250 mg Zn kg−1, such as ZnO
NPs, have been shown to have beneficial effects on plant
growth, whereas higher concentrations have occasionally pro-
duced inhibitory effects, according to NP size, soil type, and
plant species.

All the ZnO-NPs applications were mixed into the upper
layer of the soil in the pots (at an approximate soil depth of 0–
8 cm). Three replicates were used for each treatment, with a

Table 1 Main physicochemical parameters and element concentrations
measured in acidic and calcareous soils

Acid soil Calcareous soil

pH 5.4 8.5

Texture (USDA) Silt loam Silty clay loam

Sand (g kg−1) 250 175

Silt (g kg−1) 570 435

Clay (g kg−1) 180 390

pHw (1:2.5 w:v) 5.39 8.46

Organic matter (g kg−1) 16.9 11.3

Total carbonate (g kg−1) nd 106

Free carbonate (g kg−1) nd 24

E.C. (μS/cm) (1:5 w:v) 66.9 125.9

Available P (mg kg−1) 10.7 16.05

Base saturation (g kg−1) 54.7 100

C.E.C (cmolc/kg) 11.4 22.1

Total N (g kg-1) 0.91 0.90

C/N ratio 13.3 10.9

Total Fe (mg kg−1) 14,515 ± 246 14,600 ± 329

Total Cu (mg kg−1) 9.6 ± 0.2 24.5 ± 0.8

Total Mn (mg kg−1) 518 ± 19 162 ± 3

Total Zn (mg kg−1) 40 ± 2 62 ± 3

E.C. electrical conductivity, C.E.C cation exchange capacity
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total of 48 lysimeters in a randomized arrangement. After 72 h
of interaction following the Zn treatments applied to the soil,
two plant species, common bean (Phaseolus vulgaris L. cv.
Contender) and cherry tomato (Solanum lycopersicum L. cv.
Cerasiforme), were grown from seed in the containers in an
uncontrolled greenhouse environment on the campus of
Universidad Politécnica de Madrid (Spain) until the edible
parts of both crops (tomato fruits and green beans, respective-
ly) were ready for harvesting. Temperatures ranged from 4 to
38 °C and relative humidity from 20 to 85%. The soils were
irrigated with tap water, to slightly above the field capacity
moisture level, in order to obtain various portions of leachate
throughout the whole plant life-cycle (five portions were ob-
tained for the bean crop and six portions for the tomato crop);
we collected a total volume of 400 mL from each of them.
These leachates were collected approximately once every 10–
12 days. The leachates were collected with a silicone tube
leading to a polyethylene recipient. The green beans (unripe
fruits of the bean plant) and cherry tomato fruits were gradu-
ally collected and washed in deionized water. The green beans
were then dried to a constant weight in a force-draft oven at
60 °C, and the tomato fruits were vacuum freeze-dried. After
the tomato and bean crops had been harvested (60 and 90 days
after germination for bean and tomato, respectively), soil sam-
ples were taken from the upper layer of the soil in the pots
(from depths of approximately 0–8 cm) as this is the area of
plant root development.

The harvested plants were washed in deionized water and
then the different vegetative parts (roots, stems, and leaves)
were separated and their fresh weights recorded. The plant
roots were then cut off and washed in deionized water in an
ultrasound-assisted bath at 35 kHz for 15 min. To desorb Zn
from the plant root surfaces, the roots were washed with
10 mmol L−1 Na4EDTA for 15 min, using an ultrasonic treat-
ment at 35 kHz (Zhou et al. 2011). Finally, all plant samples
were dried to a constant weight in a force-draft oven at 60 °C.

2.4 Zinc Concentrations in Soil, Leachates, and Plant
Material

2.4.1 Total Zn Analyses of Soils, Leachates, and Plants

Total Zn in the soil samples was determined after treating a 1 g
dried sample with an acid mixture of HNO3:HF:double deion-
ized water (1:1:1) followed by digestion in Teflon bombs, in a
sample preparation block system (SPB Probe, Perkin-Elmer).
Total concentrations of trace metals in soil, extracted by strong
acids, have been used in the legislation of many countries for
the determination of trace metal maximum permissible con-
centrations in soil (Directive 86/278/EEC 1986).

Two certified reference soils were used to verify the quality
of the results for the total Zn content. These were provided by

the Institute for Reference Materials and Measurements of the
European Commission (ERM-CC141 and BCR-143R).

The different leachate portions collected in the lysimeters
during the experiment were filtered (Whatman no. 41) and
acidified with HNO3, and their Zn contents were then deter-
mined. The total amounts of Zn leached over the whole plant
life-cycle of both irrigated crops were then calculated as the
sum of the total Zn content leached (mg) from each of the
portions obtained.

The total Zn concentrations in the dry matter (DM) from
the roots, stems, leaves, and fruits harvested from each lysim-
eter were determined by wet digestion using an acid mixture
of HNO3:HCl:double-deionized water (1:1:1) in Teflon
bombs.

The total Zn concentration in all of the extracts obtained
was determined using flame/graphite furnace atomic absorp-
tion spectrometry depending on the Zn concentration ranges
involved (AAnalyst 700, Perkin-Elmer).

2.4.2 Zinc Extraction in Soils

The soil samples were collected after harvest (60 and 90 days
after germination for bean and tomato, respectively). The in-
cubation periods for the ZnO NPs interaction with soil there-
fore corresponded to approximately 60 and 90 days, respec-
tively, depending on the crop.

The DGT technique and five other commonly used extrac-
tion methods involving chemical-extraction media of different
strengths (water, CaCl2, LMWOAs, NH4OAc, and DTPA)
were used to assess the extractability of Zn from ZnO NP–
amended soils: (i) WS: double-deionized water for 2 h using a
soil-to-water ratio of 1:10. After extraction, the soil suspen-
sion was centrifuged (4500 rpm, 15 min) and the supernatant
obtained was filtered through 0.22 μm cellulose acetate paper;
(ii) CaCl2: 2 g of dried soil mixed with 20mL of 0.01MCaCl2
solution and shaken for 2 h (Houba et al. 2000); (iii)
LMWOAs (rhizosphere-based extraction method): 2 g of soil
in 20mL of a mixture of LMWOAs—a 10-mM combination of
organic acid solution containing acetic, lactic, citric, malic, and
formic acids—in a molar ratio of 4:2:1:1:1, respectively (Feng
et al. 2005b); (iv) NH4OAc solution 1 Mat pH = 7: the soil
solution (2.5:25) was shaken for 2 h (Van Reeuwijk 2002);
(v ) DTPA-TEA: DTPA: 5 × 10− 3 M d ie thy l ene
triaminepentaacetic acid (DTPA), 0.01 M CaCl2, and 0.1 M
triethanolamine (TEA), adjusted to pH 7.3. For the extraction,
10 g of soil were suspended in 20 mL of the DTPA-TEA ex-
tractant solution and shaken for 2 h (Lindsay andNorvell 1978).

A DGT device was also used to determine diffusive fluxes
of Zn in soil and to derive pore water Zn concentrations
(Degryse et al. 2009). The DGT device consisted of a Zn2+

binding layer (a cation exchange resin: Chelex 100 gel,
0.4 mm thick), and another layer that permits diffusion of
the solutes prior to binding, known as the diffusion layer
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(APA gel: a polyacrylamide diffusive gel with an agarose
derivate of 0.78 mm thick). It also incorporated an overlying
protective polyethersulphone filter membrane through which
ions and NPs can freely diffuse. These layers are permeable to
the cations and dissolved complexes that diffuse through
them. The ZnO NPs can pass through the open pore diffusive
layer used in standard DGT devices and be retained by the
binding resin layer (Pouran et al. 2014). The binding gels and
diffusive gels were provided by DGT Research Ltd.
(Lancaster, UK). Soil samples of between 80 and 100 g were
placed on plates. Milli-Q water was then added to keep the
water content at 70% of the water holding capacity (WHC),
and the plates were sealed with parafilm. After 24 h of incu-
bation in the dark at 20 °C, each sample was divided into three.
The DGT device was then placed on each soil sample and
gently pressed down to ensure complete contact between the
filter membrane of the device and the soil. The samples with
the DGTs were then incubated in the dark at 20 °C for 24 h.
The temperature was recorded throughout the deployment.
Upon retrieval of the DGT devices, these were rinsed with
Milli-Q water. The binding gels were then removed and eluted
with 1 mL of 1 M HNO3, for at least 24 h, prior to analysis of
the soil extract. The results were used to calculate the CDGT,
which is the time averaged Zn concentration in solution at the
interface between the soil and the DGT according to:

CDGT ¼ MΔg

DtA
ð1Þ

where: Δg is the thickness of the diffusive gel (0.78 mm) plus
the thickness of the filter membrane (0.14 mm); D is the dif-
fusion coefficient of the metal in the gel (diffusion coefficient
of Zn at 20 °C = 5.29 10−6 cm2 s−1); t is the deployment time;
and A is the area of exposure (A = 2.54 cm2).
The mass (M) of the Zn accumulated by the DGT sampling

device could therefore be calculated using the following equa-
tion:

M ¼ Ce VHNO3 þ Vgel

� �

fe
ð2Þ

where: Ce is the concentration of Zn in the 1 M HNO3 elution
solution (in μg L−1); VHNO3 is the volume of HNO3 added to
the resin gel (1 mL); Vgel is the volume of the resin gel
(0.16mL); and fe is the elution factor for eachmetal (0.8 to Zn).

The total Zn concentration in all of the soil extracts obtain-
ed was determined using flame/graphite furnace atomic ab-
sorption spectrometry, with this depending on the Zn concen-
tration range (Perkin-Elmer, AAnalyst 700).

2.5 Statistical Analysis

Descriptive, simple regression analyses and other statistical
studies were made using Statgraphics Centurion XVII 17.2

software (Manugistic, Rockville, MD). Log-transformed data
were used in order to follow a normal or near normal distri-
bution (Y-axis) and make the data more uniform (X-axis), thus
meeting the two assumptions of normal distribution and uni-
form variance.

We studied the linear relationships between the different
log-Zn concentrations in all soil extracts (chemical and
DGT) and (i) the log-Zn concentrations in all the different
plant parts and (ii) the log-total amount of leached Zn.
Firstly, we studied these relationships by combining data for
both soils. We then studied these relationships again, but this
time including soil type (acidic vs calcareous soil) as a cate-
gorical variable. Considering that soil characteristics could
influence the model fit of the different soil extractionmethods,
we compared the constants (or intercepts) and slope coeffi-
cients in the regression models.

According to the log-transformation used, Zn concentra-
tion in the different plant parts can be estimated by:

y ¼ 10β0þβ1log xð Þ ð3Þ
where: β0 is the intercept; β1 the slope coefficient; and the
variable x is the obtained soil extract (LMWOAs, CaCl2,
DTPA-TEA, WS, NH4Ac or DGT-Zn).

To complete the study, a principal component analyses
(PCA) biplot was constructed, which considered two vari-
ables: (i) the concentration of Zn in the different parts (root,
stem, leaf, and edible part) of each plant specie and (ii) the soil
extractable Zn amounts (Zn-DTPA-TEA, Zn-NH4Ac, Zn-
LMWOAs, Zn-CaCl2, Zn-WS, and Zn-DGT).

3 Results

3.1 Relationships Between Soil Extractable Zn
Concentrations and Zn Concentrations in Plant
Tissues

In order to find an appropriate extraction method to estimate
Zn concentrations in the different plant tissues (root, stem,
leaf, and edible part) of cherry tomato and navy bean, we
studied the Pearson correlation coefficients (r) for the relation-
ships between Zn concentrations in these different plant tis-
sues and the soil extractable Zn concentrations. In the acidic
soil, plant growth was only inhibited with respect to the con-
trol treatment (un-spiked soil) for cherry tomato and navy
bean at the highest ZnO NPs rate (225 mg Zn kg−1) when it
significantly affected the germination rate and both the fresh
and dry matter yields. Furthermore, the tomato plants exposed
to this ZnO NPs treatment did not survive beyond 15 days. As
a consequence, the data relating to the treatment applied to this
soil were not taken into account. In contrast, in the calcareous
soil, there was no mortality, and the ZnO NPs did not
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significantly (P > 0.05) inhibit any of the growth and devel-
opment parameters for any of the treatments studied.

Bearing in mind the fact that plant species have a key in-
fluence on Zn availability and Zn uptake in ZnO NP-amended
soils, we studied the Pearson correlation coefficients (r) be-
tween Zn concentrations in all the soil extracts (LMWOAs,
CaCl2, DTPA-TEA, WS, NH4Ac, and DGT) and those found
in all the plant tissues (Table 2). In general, the correlations
between soil extractable Zn concentrations and Zn concentra-
tions in the different plant parts were strongest when using the
LMWOAs and CaCl2 methods (0.817 < r < 0.988), positive,
and highly significant (0.001 < P < 0.0001). The relationships
obtained for soil extractable Zn concentrations with the WS,
NH4Ac, or DGT approaches and Zn concentrations found in
the different plant tissues (root, stem, leaf, and edible part)
were strong (0.608 < r < 0.915), positive, and significant
(0.05 < P < 0.0001). In contrast, significant correlations were
only found between Zn concentration extracted by the DTPA-
TEA method and Zn concentration in the different parts of
cherry tomato and in stem of common bean. These correla-
tions were positive and lower (0.526 < r < 0.716; P < 0.05)
than those obtained with the other extraction methods.

3.2 Influence of Soil Type

Given the possibility that the characteristics of the soil could
also influence the fit of themodel, we studied a new regression
model including soil type (acidic vs calcareous) as a categor-
ical variable. In this new regression model, we obtained the
constants (or intercepts) and the slope coefficients of the two
different categories (soil type). Figures 1 and 2 show the rela-
tionships between Zn concentration in plant tissues and Zn

concentration in all the soil extracts (LMWOAs, CaCl2,
DTPA-TEA, WS, NH4Ac, and DGT). When soil type was
significant for the intercept and/or the slope in the new regres-
sion model, its P and R-squared values are reported in the
corresponding model (see Figs. 1 and 2). The residual stan-
dard error (RSE), intercept (β0), and slope (β1) of the linear
relationships between Zn concentrations in the soil extracts
and those found in the different plant tissues in both types of
regression model (both soils studied conjointly or including
soil type as a categorical variable) are available in the
Supplementary data.

3.2.1 Chemical Extraction Methods

The relationships between Zn concentration in plant tissues
and the LMWOAs-extractable Zn for each plant species
showed that soil type was significant for the intercept and/or
the slope only for stem Zn concentration in cherry tomato and
leaf Zn concentration in common bean. In these cases, the R-
squared value improved with respect to noninclusion of soil
type as a categorical variable. In addition, both Zn concentra-
tions in plant tissues and soil extractable Zn concentrations
were significantly higher for the acidic soil than for the cal-
careous one within the range of ZnO NP concentrations
studied.

Significantly different slopes in the regression models that
depended on soil type were observed for Zn concentrations
accumulated in stem of cherry tomato and leaf of common
bean, while significantly different intercepts, depending on
soil type, were also observed in the regression models obtain-
ed for leaf of common bean (Figs. 1 and 2).

Table 2 Pearson correlation coefficients (r) between log-transformed values of the Zn concentrations in different plant tissues and Zn-extractable
concentrations from all the ZnO NP-amended soils (both soils studied conjointly)

Zn-LMWOAs Zn-CaCl2 Zn-DTPA-TEA Zn-WS Zn-NH4Ac Zn-DGT

Cherry tomato (n = 15)

Root 0.901*** 0.916*** 0.640* 0.753* 0.750* 0.809***

Stem 0.941*** 0.847** 0.716* 0.835** 0.851** 0.820**

Leaf 0.956*** 0.918*** 0.641* 0.830** 0.789** 0.915***

Edible parta 0.938*** 0.817** 0.691* 0.860*** 0.846** 0.860***

Common bean (n = 15)

Root 0.936*** 0.942*** 0.388 0.861** 0.608* 0.892***

Stem 0.983*** 0.988*** 0.526* 0.882*** 0.719* 0.906***

Leaf 0.845** 0.862** 0.529 0.817** 0.687* 0.839**

Edible parta 0.862*** 0.860*** 0.352 0.825** 0.503 0.787**

Zn-LMWOAs low-molecular-weight organic acids, Zn-DTPA-TEA, DTPA diethylene triaminepentaacetic acid, TEA triethanolamine, Zn-WS water
soluble, Zn-DGT diffuse gradients in thin films technique
a Edible part refers to tomato fruits and green beans

***, **, and * denote significance at 0.0001, 0.001, and 0.05, respectively

J Soil Sci Plant Nutr



0,0

1,0

2,0

3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.9500

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

0,0

1,0

2,0

3,0

-1,0 0,0 1,0

ro
ot

 Z
n 

(m
g 

kg
)

LMWOAs (mg Zn kg   )

0,0

1,0

2,0

3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.8753

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

0,0

1,0

2,0

3,0

-1,0 0,0 1,0

0,0
0,5
1,0
1,5
2,0
2,5

0,0 1,0 2,0

P = 0.0000
R = 0.9540

0,0
0,5
1,0
1,5
2,0
2,5

0,0 1,0 2,0

P = 0.0000
R = 0.9377

0,0
0,5
1,0
1,5
2,0
2,5

0,0 1,0 2,0

P = 0.0000
R = 0.8875 

0,0

1,0

2,0

3,0

0,0 1,0 2,0

P = 0.0001
R = 0.7998

0,0

1,0

2,0

3,0

-1,5 -1,0 -0,5 0,0

P = 0.0001
R = 0.8476

0,0
0,5
1,0
1,5
2,0
2,5

-1,5 -1,0 -0,5 0,0

P = 0.0001
R = 0.8533

0,0
0,5
1,0
1,5
2,0
2,5

-1,5 -1,0 -0,5 0,0

0,0

1,0

2,0

3,0

-1,5 -1,0 -0,5 0,0

P = 0.0007
R = 0.7777

0,0

1,0

2,0

3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.9447

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

P = 0.0000
R = 0.8552

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

P = 0.0000
R = 0.8983

0,0

1,0

2,0

3,0

-1,0 0,0 1,0

P = 0.0001
R = 0.7753

0,0

1,0

2,0

3,0

1,0 2,0 3,0

P = 0.0001
R = 0.8551

0,0
0,5
1,0
1,5
2,0
2,5

1,0 2,0 3,0

0,0
0,5
1,0
1,5
2,0
2,5

1,0 2,0 3,0

0,0

1,0

2,0

3,0

1,0 2,0 3,0

DGT (μg Zn L )

st
em

 Z
n 

(m
g 

kg
)

le
af

 Z
n 

(m
g 

kg
)

ed
ib

le
 Z

n 
(m

g 
kg

)

-1 CaCl   (mg Zn kg   )2 (mg Zn kg   )DTPA-TEA (mg Zn kg    )WS NH  AC4 (mg Zn kg    )

Fig. 1 Linear relationships between the log-transformed values of both
the LMWOAs- (low-molecular-weight organic acids), CaCl2-, DTPA-
TEA- (DTPA: diethylene tr iaminepentaacetic acid, TEA:
triethanolamine), WS- (water soluble), NH4-acetate-, and DGT (diffuse
gradients in thin films technique) -extractable Zn (mg Zn kg−1) and Zn
concentration in plant tissues (root, stem, leaf, or edible part, mg Zn kg−1)

for cherry tomato. The P and R-squared values are reported when soil
type, considered as a categorical variable, is significant for the intercept
and/or slope (this model is represented with two different continuous
lines—acidic vs calcareous soil). Circles and squares represent values
from acidic and calcareous soil, respectively (n = 15)

LMWOAs (mg Zn kg ) CaCl (mg Zn kg ) DTPA-TEA (mg Zn kg ) WS (mg Zn kg ) NH Ac (mg Zn kg ) DGT (μg Zn L )

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

ro
ot

 Z
n 

(m
g 

kg
)

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

st
em

 Z
n 

(m
g 

kg
)

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

le
af

 Z
n 

(m
g 

kg
)

P = 0.0001
R = 0.8754

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.9272

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.8754

0,0
0,5
1,0
1,5
2,0
2,5
3,0

0,0 1,0 2,0

0,0
0,5
1,0
1,5
2,0
2,5
3,0

0,0 1,0 2,0

P = 0.0000
R = 0.9194

0,0
0,5
1,0
1,5
2,0
2,5
3,0

0,0 1,0 2,0

P = 0.0000
R = 0.9881

P = 0.0000
R = 0.9297

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,5 -0,5 0,5

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,5 -0,5 0,5

P = 0.0000
R = 0.8905

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,5 -0,5 0,5

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.9271

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.9868

0,0
0,5
1,0
1,5
2,0
2,5
3,0

-1,0 0,0 1,0

P = 0.0000
R = 0.9178

0,0
0,5
1,0
1,5
2,0
2,5
3,0

1,0 2,0 3,0

P = 0.0000
R = 0.8565

0,0
0,5
1,0
1,5
2,0
2,5
3,0

1,0 2,0 3,0

P = 0.0000
R = 0.9210

0,0
0,5
1,0
1,5
2,0
2,5
3,0

1,0 2,0 3,0

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0ed
ib

le
 Z

n 
(m

g 
kg

)

0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0
0,0
0,5
1,0
1,5
2,0
2,5

-1,5 -0,5 0,5
0,0
0,5
1,0
1,5
2,0
2,5

-1,0 0,0 1,0

P = 0.0002
R = 0.8304

0,0
0,5
1,0
1,5
2,0
2,5

1,0 2,0 3,0

P = 0.0002
R = 0.7598

0,0
0,5
1,0
1,5
2,0
2,5

0,0 1,0 2,0

P = 0.0002
R = 0.7597

Fig. 2 Linear relationships between the log-transformed values of both
the LMWOAs- (low-molecular-weight organic acids), CaCl2-, DTPA-
TEA- (DTPA: diethylene tr iaminepentaacetic acid, TEA:
triethanolamine), WS- (water soluble), NH4-acetate-, and DGT (diffuse
gradients in thin films technique) -extractable Zn (mg Zn kg−1) and Zn
concentration in plant tissues (root, stem, leaf, or edible part, mg Zn kg−1)

for common bean. The P and R-squared values are reported when soil
type, considered as a categorical variable, is significant for the intercept
and/or slope (this model is represented with two different continuous
lines—acidic vs calcareous soil). Circles and squares represent values
from acidic and calcareous soil, respectively (n = 15)
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The regression study between CaCl2-extractable Zn con-
centrations and Zn concentrations in plant tissues (Figs. 1 and
2) showed that soil type was significant for the intercept and/
or slope for stem Zn concentration in cherry tomato and root
or leaf Zn concentration in common bean. The Zn concentra-
tions in stem tissues of cherry tomatowere significantly higher
for the acidic than for the calcareous soil for the same soil
extractable Zn concentration. In contrast, the common bean
models showed both Zn concentrations in plant tissues and
soil extractable Zn concentrations, which were significantly
higher for the acidic soil than for the calcareous soil.
Significantly different intercepts in the regression models that
depended on soil type were also observed for Zn concentra-
tions accumulated in stem of cherry tomato and leaf of com-
mon bean (Figs. 1 and 2). Significantly different slopes were
obtained in the regression models between CaCl2-extractable
Zn and Zn concentrations accumulated in stem of cherry to-
mato and root or leaf of common bean.

The relationships obtained between Zn concentrations ex-
tracted from soils with DTPA-TEA and those found in the
different plant parts (root, stem, leaf, and edible part) showed
that soil type was significant for the intercept and/or the slope
in all plant parts and in both plant species (Figs. 1 and 2).
Moreover, the R-squared values increased with respect to non-
inclusion of soil type as a categorical variable from 0.277–
0.513 to 0.800–0.988. Significantly different intercepts in
the regression models that depended on soil type were ob-
served for all tissues and both plant species. Within the range
of ZnO NP concentrations studied, the Zn concentrations in
plant tissues were significantly greater for the acidic soil than
for the calcareous soil for the same soil extractable Zn con-
centration. These results could indicate that this reagent ex-
tracts more Zn concentration in calcareous soil than is actually
available for the plant, overestimating this concentration. On
the other hand, significantly different slopes in the regression
models that depended on soil type were observed for all plant
parts for leaf in cherry tomato and in common bean (except the
edible part) (Figs. 1 and 2). These slopes were much greater
for the acidic than for the calcareous soil in all cases. These
results indicate greater differences in Zn concentration in plant
tissues for the same changes in DTPA-TEA-extractable Zn in
the acidic soil than in the calcareous one.

The regression study between WS-extractable Zn in soil
and Zn concentration in the different plant tissues (Figs. 1
and 2) shows that soil type was significant for the intercept
and/or the slope for vegetative tissue Zn concentration of cher-
ry tomato (root, stem, and leaf) and stem Zn concentration in
common bean. There was also an improvement in the R-
squared values in these linear relationships, especially in cher-
ry tomato (from 0.567–0.689 to 0.778–0.853). In all these
cases, both Zn concentrations in plant tissues and soil extract-
able Zn concentrations were significantly higher for the acidic
soil than for the calcareous one. Significantly different

intercepts that depended on soil type were observed in all
these regression models (Table 2). Significantly different
slopes that depended on soil type were only obtained in the
regression analysis between WS-extractable Zn and Zn con-
centration accumulated in cherry tomato root and leaf.

The regression study between NH4Ac-extractable Zn in
soil and Zn concentration in plant tissues showed that soil type
was significant for the intercept and/or the slope in all plant
parts and all plant species. Also, the regression models obtain-
ed when including soil type as a categorical variable gave
better R-squared values than when using the data for both soils
conjointly, in all plant species and plant tissues studied.
Interestingly, for the two plant species, Zn concentrations in
the different plant tissues were significantly higher for the
acidic soil than for the calcareous one, for the same NH4Ac-
extractable Zn concentration. Significantly different intercepts
in the regression models that depended on soil type were ob-
served for all Zn concentrations accumulated in plant tissues
except for root of common bean. In addition, significantly
different slopes were obtained in the regression models be-
tween NH4Ac-extractable Zn and Zn concentrations in com-
mon bean (Fig. 2).

3.2.2 DGT Technique

Figures 1 and 2 also show the relationships between the soil
extractable Zn concentrations obtained using the DGT tech-
nique (Zn-DGT) and the Zn concentrations in the different
plant tissues (root, stem, leaf, and edible part) for tomato and
common bean, respectively. The regression study between
Zn-DGT in soil and Zn concentration in the different plant
tissues shows that soil type was significant for the intercept
and/or the slope for stem Zn concentration in cherry tomato
and root, stem, and edible part Zn concentration in common
bean. It should be noted that these regression models show
different intercepts that depended on soil type, but nearly all
show the same slope for both soils (Figs. 1 and 2). For both
plant species, Zn concentrations in plant tissues were signifi-
cantly higher for the acidic than for the calcareous soil, with
the log-extractable Zn concentration values in the soil ranging
from 1.61 to 1.87 and from 1.62 to 1.83, respectively. Also, in
these models, the R-squared values were higher than when
using the data for both soils together. The R-squared values
increased from 0.619–0.820 to 0.760–0.921 (edible part and
stem of common bean, respectively).

Considering all the methods used, the best correlation ac-
cording to the RSE were obtained for edible part: RSE from
0.03 to 0.06 in cherry tomato and RSE from 0.06 to 0.07 in
common bean (supplementary data).

To complete this study, a PCA biplot was generated which
considered Zn concentration in the different parts of each plant
species and soil extractable Zn concentration as variables
(Fig. 3). The variance explained by the first 2 components
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was 88.83% (x-axis 77.96%, y-axis 10.87%). In the biplot of
the first two components, it is possible to distinguish different
groups of values depending on soil type and/or the applied
ZnO NP ratio. The PCA biplot shows that Zn concentrations
were grouped by soil type: calcareous soil to the left of the x-
axis and acidic soil to the right of the x-axis. The highest Zn
ratio (225 mg Zn kg−1) in calcareous soil is grouped in the
upper left quadrant of the PCA, mainly influenced by Zn-
DTPA-TEA. On the other hand, ZnO-NPs-3 and ZnO-NPs-
20 in the calcareous soil are grouped together in the lower left
quadrant of the PCA and could not be differentiated. The Zn
concentration in the acidic soil also formed groups separated
according to the applied Zn ratio.

According to the PCA biplot, Zn concentrations assessed
by DTPA-TEA and NH4Ac extractions are fairly close togeth-
er, indicating a close and positive relationship between them.
In contrast, these extraction methods did not appear to be
related to the Zn concentration in root, stem, or edible part
of plants since a right angle presumes no correlation between
variables. The CaCl2 and, especially, the DGT and LMWOAs
methods appear to be related to Zn concentration in plant root,
stem, and edible part of plants. This suggests that these re-
agents had a similar extraction capacity in these experimental
conditions and that they were able to successfully estimate the
Zn concentration in these parts of the plants. The angle in the

biplot between Zn-WS and the Zn concentration in the stem
and edible part of plants presumes a positive correlation be-
tween them. Conversely, this reagent did not appear to be
related to Zn-NH4Ac since a right angle presumes no correla-
tion between variables.

3.3 Relationships Between Soil Extractable Zn
Concentrations and Leached Zn

In order to find an appropriate soil test to assess the amounts of
Zn leached from the soil, we also studied the Pearson correla-
tion coefficients (r) between the Zn-extractability for the soil
obtained with all the different extraction procedures
(LMWOAs, CaCl2, DTPA-TEA, WS, NH4Ac, and DGT)
and the values of the total amounts of Zn leached from the
diverse lysimeters with the different ZnO NP treatments, ex-
cept for those in which there was evidence of the inhibition of
plant growth. Statistical correlation analyses performed con-
jointly for both soils and all plant species (n = 30) showed that
the relationships between Zn concentrations extracted from
soils using the LMWOAs, WS, DGT, or CaCl2 methods and
the amounts of leached Zn were the strongest, positive, and
highly significant (P < 0.0001; r = 0.877, 0,865, 0.818, or
0.760, respectively). The relationships obtained for the Zn
concentrations extracted from soils with the NH4Ac approach

A: Zn-DTPA-TEA 
B: Zn-NH4Ac
C: Leaves Zn cc
D: Zn-CaCl2
E: Zn-DGT
F: Root Zn cc
G: Zn-LMWOAs
H: Edible part Zn cc
I: Stem Zn cc
J: Zn-WS

a: Calcareous soil
225 ZnO- NPs 
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Fig. 3 Biplot of the first two principal components of the principal
component analysis (PCA) of soil extractable Zn concentration
[LMWOAs (low-molecular-weight organic acids), CaCl2-, DTPA-TEA-

(DTPA: diethylene triaminepentaacetic acid, TEA: triethanolamine), WS-
(water soluble), NH4-acetate-, and DGT (diffuse gradients in thin films
technique)] and Zn concentration in the different plant tissues
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and the amounts of leached Zn were strong, positive, and also
highly significant (P < 0.001, r = 0.592). In contrast, the Zn
concentrations extracted by the DTPA-TEA method only
weakly correlated with the amounts of leached Zn (P < 0.05,
r = 0.386). Bearing in mind the fact that plant species could
have had a key influence on the amount of Zn leached from
the ZnO NP-amended soils, we compared the constants
(intercepts) and slope coefficients in the regression model by
including plant species as a categorical variable. This analysis
showed the same constants and slopes for both plant species,
which showed that there was no significant difference in the
amount of leached Zn between the different crops. Figure 4
shows the relationships between the amounts of leached Zn
and Zn concentration in all soil extracts obtained for both
crops conjointly. The regression models obtained when in-
cluding soil type as a categorical variable showed better R-
squared values than when using the data for both soils togeth-
er. In all these regressionmodels, the amount of leached Zn or/
and extractable Zn concentration was significantly higher for
the acidic soil than for the calcareous one. The regression

models obtained when including soil type as a categorical
variable show that soil type was significant for the intercept
in all cases. According to the RSE values, the different extrac-
tion methods used showed low errors in the correlation (RSE
ranging from 0.15 to 0.16).

4 Discussion

4.1 Comparison Between Soil Zn Extractability and Zn
Bioaccumulation in Plant

Chemical extraction tests are designed to assess the bioavail-
ability of metals in soils. The Zn source is obviously a crucial
parameter to take into account when validating this type of
chemical extraction procedure. Although no single soil test is
recognized as a universal approach for evaluating the
phytoavailability of metals from soils, it is widely held that
using neutral-unbuffered salt solutions offers the most
practical and appropriate way to assess metal uptake by
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RSE: 0.15

P = 0.0000 R2 = 0,9274
β0=-0,091 (AC) -1,159(CAL)
β1=0,116
RSE: 0.16

P = 0.0000 R2 = 0,9299
β0=-0,109 (AC) -0,798 (CAL)
β1=0,302
RSE: 0,16

P = 0.0000 R2 = 0,9250
β0=-0,026 (AC) -1,064 (CAL)
β1=0,109
RSE: 0.16

P = 0.0000 R2 = 0,9222
β0=-0,293 (AC) -1,281 (CAL)
β1=0,158
RSE: 0.16

Fig. 4 Linear relationships between the log-transformed values of both
the soil extractable Zn [LMWOAs (low-molecular-weight organic acids),
CaCl2-, DTPA-TEA- (DTPA: diethylene triaminepentaacetic acid, TEA:
triethanolamine), WS- (water soluble), NH4-acetate-, and DGT (diffuse
gradients in thin films technique) -extractable Zn, mg Zn kg−1] and
leached Zn (mg) from lysimeters. The P and R-squared values are

reported when soil type, considered as a categorical variable, is significant
for the intercept—β0—and/or slope—β1—(this model is represented
with two different continuous lines—acidic vs calcareous soil). Circles
and squares represent values from acidic and calcareous soil, respectively.
RSE indicate the residual standard error of the linear relationship(s) (n =
30)
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plants. While many studies have reported the use of neutral
salts to be more effective for estimating plant availability than
that of more aggressive tests, such as DTPA, there is no
general agreement as to which neutral salt solution is the
most effective. The use of 0.01 M CaCl2 has been widely
promoted in Europe, the USA, New Zealand, and Australia.
However, Menzies et al. (2007) concluded that other neutral
salt extractants—whether unbuffered (e.g. 0.1 M NaNO3) or
buffered (e.g. 1.0 MNH4OAc pH 7.0)—could provide similar
indications of plant available concentrations of metals to the
use of 0.0 1 M CaCl2. These same authors considered that the
apparent success of these neutral salt extractants was probably
due, at least in part, to the limited number of datasets available
for examination in the existing literature.

Various authors have reported that NPs exhibit sorption on
exchange sites and that soil parameters largely affect their
behavior in the soil by regulating the sorption, dissolution,
and aggregation processes (Carbone et al. 2016; Baddar
et al. 2019) or by modifying particle surface properties, which
may alter Zn availability to plants (De Santiago-Martin et al.
2015; Meesters et al. 2019). The high reactivity of metal-
based NPs resulting from their large surface areas and small
sizes could cause their aggregation to similar NPs (homo-
aggregation) and to natural colloids, which are also present
in pore water (hetero-aggregation). Such aggregates could
subsequently be retained in the solid matrix, but they could
also be subject to dissolution, leading to the release of metal
ions, followed by the chemically driven partitioning of the
solid phase and solution (Rodrigues et al. 2016). Torrent
et al. (2019) concluded that NPs properties (such as their size
and coating) would also influence their adsorption processes
and the recovery values of the different chemical extraction
procedures. The tendencies found could be completely oppo-
site according to the leaching test used and the size of the
different NPs. Furthermore, according to other recently pub-
lished studies (Amooaghaie et al. 2017; Singh et al. 2017; Su
et al. 2019), the pattern of metal bioaccumulation in plants
grown in soils amended with metal-based NPs may depend
on whether or not their metal source is in the form of NPs. In
our study, in which ZnO NPs were recently applied to two
typical soils of the Mediterranean area, the Zn bioaccumula-
tion patterns in two plant species (bean and tomato) could be
better or worse explained as a function of their Zn chemical
extractability according to the different soil extraction tests,
types of soil, plant grown, and/or plant tissue being considered
(Table 2). Considering all the results obtained, these findings
would seem to be in agreement with those reported in previous
studies that involved soils amended with Zn sources that were
not in the form of NPs. These involvedwhat were documented
as weak extractions (consisting of water, both diluted and
unbuffered salt solutions, and diluted solutions of mild acids),
which were used to provide the best relationships between
extractable amounts of Zn in the soils and bioaccumulated

Zn in both plant species. In contrast, the NH4Ac and DTPA-
TEA extraction methods were able to successfully estimate
the Zn concentrations in the edible part of plants in cherry
tomato (P < 0.001 and P < 0.05, respectively) but not in com-
mon bean (P > 0.05) (Table 2). Furthermore, these extraction
methods were able to correlate Zn concentrations in the veg-
etative parts of the plant (root, stem, and leaf) in the case of
cherry tomato (P < 0.05), although only NH4Ac reagent was
able to assess Zn concentrations in all the vegetative parts of
the common bean. All these results indicate that the model fit
of the soil test studied depends on plant type. Differences
between crops in terms of their root development, the partic-
ular characteristics of the different plant species studied—
which accumulated different Zn concentrations in their
tissues—could explain the differences in the regression
models that relate to the soil-plant Zn concentrations.
Amooaghaie et al. (2017) performed a study with ZnO NPs
and other Zn sources applied to tomato and wheat crops and
found differences in the levels of Zn accumulation in the
vegetative tissues of both plant species. Singh et al. (2017)
reported that the more active accumulation of NPs by tomato
plants compared with cauliflower was possibly due to differ-
ences in root morphology. In our experiment, the tomato roots
had a large surface area as they had numerous thin-walled
roots. Moreover, the tomato has a deep-penetrating root sys-
tem. This suggests that rhizospheric acidification could have
caused a strong mobilization of Zn. As a result, more Zn and/
or ZnO NPs could have been able to penetrate and accumulate
in the root cells of this crop (Su et al. 2019).

The principal component analysis (PCA) showed that the
differences between the predictive capacities of the different
soil tests studied were also due to differences in the strengths
of the different reagents used. Chelating agents (such as
DTPA) are strong extractants and can help remove elements
from adsorption sites to estimate the potentiallymobile Zn and
thus potential bioavailability (Almendros et al. 2015). The
NH4Ac solution extracts metal ions bonding to soil colloids
by ion exchange. The Zn accumulation patterns in both plant
species were poorly explained when buffered chemical extrac-
tions, such as DTPA (buffered at pH 7.3) or 1.0 M NH4OAc
(buffered at pH 7.0), were used. This was particularly true for
the common bean. The PCA also showed a close relationship
between both buffered soil tests.

According to the ISO 17402 international standard
(Harmsen 2008), the available fraction of metals in soils
should be divided into several different fractions: an actually
available fraction (or the actual amount dissolved at ambient
conditions); a potentially available fraction, which is the max-
imum amount that can be released under certain predefined
conditions; and a nonavailable fraction. The potentially avail-
able fraction includes the actually available fraction but cannot
exceed the total concentration. According to this standard,
complexing agents, such as EDTA and DTPA, can simulate
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potentially available concentrations of metals in the soil,
which include the fraction sorbed to the soil matrix. The avail-
able fraction ofmetals in the soil is not a fixed fraction because
the total exposure of organisms depends on time. As a result,
the phytoavailability not only covers the amount of metal in
the pore water but may also include the amount that desorbs
during the time that the plant is in contact with the soil. The
amount of metals in the soil solution represents the most avail-
able fraction, and, in addition to this readily available fraction,
the plant is also capable of influencing the release of some
weakly bound trace metals from the soil rhizosphere. In theo-
ry, chemical extractions involving mild extractants (such as
water, both diluted and unbuffered salt solutions, and diluted
acidic solutions) do the same to remove trace metals from the
soil solution and also remove some weakly bound metals.
There is, however, no certainty that these methods will always
give us accurate estimations of bioavailability since they
depend—among other factors—on the plant species or plant
genotypes involved, on the soil properties, and on metal spe-
ciation in the soil (Alvarez et al. 2006; Cattani et al. 2006;
Gonzalez et al. 2007, 2015; Obrador et al. 2007; Almendros
et al. 2015). For example, the DTPA extraction method has
proved its suitability for assessing Zn plant uptake in lettuce
from ten peri-urban calcareous soils found in the
Mediterranean area (De Santiago-Martín et al. 2014), which
have physicochemical properties that are similar to the calcar-
eous soil used in this study. They concluded that metal frac-
tions that were estimated a priori as being potentially available
could effectively be bioavailable in this type of soil. Similar
results were found for barley in neutral and near-alkaline soils
(Feng et al. 2005b). In theory, EDTA is a nonspecific extract-
ant and one that can be used to extract both labile and
nonlabile fractions. However, the DTPA extraction method
could be suitable for calcareous soils as it is buffered at a pH
of 7.3 and minimizes the dissolution of carbonates and the
release of occluded metals (Feng et al. 2005a).

The LMWOAs is an extractionmethod based on the effects
of low-molecular-weight organic acid contents in rhizospheric
soil, which can dissolve Zn and promote Zn uptake by plant
roots. Metals extracted by the rhizosphere-based method cor-
respond to the mobile fractions in the soil solution (Naidu and
Harter 1998); these are responsible for the short-term available
pool (Cieslinski et al. 1998). For its part, CaCl2 is a neutral salt
that can only extract from soil exchangeable metals. This ex-
traction method is used to determine readily available nutrient
concentrations in solution in a wide range of soils (Houba
et al. 2000). The procedure employed is based on equilibrating
the soil with a surplus of cations (Ca2+), which exchange a
certain amount of the metal ions from soil surfaces by com-
petitive adsorption without influencing soil pH. In the biplot
of the first two principal components (Fig. 3), the CaCl2, WS,
and, especially, the LMWOAs extraction methods appeared to
be related to Zn concentrations in plant root, stem, and edible

part. These results could indicate that soil tests involving weak
extractants (such as water, 0.01 M CaCl2, and 0.01 M
LMWOAs) could be appropriate for assessing Zn bioaccumu-
lation patterns in tomato and bean plants when ZnO NPs are
applied to typical Mediterranean soils whose physicochemical
characteristics are analogous to the two types of soil studied.

Soil characteristics influence Zn availability to the plant
(Cakmak and Kutman 2018). Numerous studies performed
with traditional sources of Zn have reported that soil charac-
teristics, such as high pH or CaCO3 concentration, cause Zn
immobilization due to the formation of hydroxides and car-
bonates and the adsorption of Zn to clay (Lindsay 1979;
Shuman 1991). Medina-Velo et al. (2017) reported that the
effects of ZnO NMs in bean plants (after 45 days of planting)
vary with soil composition. Our results show that, in many
cases, the predictive capacities of the different reagents used,
and particularly the DTPA-TEA and NH4Ac extraction
methods, greatly improve when soil type is including as a
categorical variable (Figs. 1 and 2). It is known that soil pH
is a key factor in the solubility of Zn. However, its influence
on Zn availability to plants from ZnO NPs has, to date, re-
ceived little attention. Zinc oxides are relatively insoluble in
water compared to other Zn sources as Zn sulphate, but ZnO
NPs should dissolve faster in the soils and to a greater extent
than bulk ZnO due to the higher specific surface area. In our
study with ZnO NPs, both Zn concentrations in the different
plant parts and the extractability of Zn when using the
LMWOAs, CaCl2, and WS tests were notably higher in the
acidic than in the calcareous soil (Figs. 1 and 2). In addition to
having quite a high pH, the clay content in the calcareous soil
was higher than in the acidic soil. This could also have con-
tributed to the increase in the retention of ZnO NPs/Zn2+ by
the soil and hence to the corresponding decrease in Zn avail-
ability to plants. When using the DTPA-TEA and NH4Ac
extraction methods, the Zn concentrations in the different
plant parts were higher in the acidic than in the calcareous
soil, for the same soil extractable Zn concentration (Figs. 1
and 2). This could have been due to the fact that both reagents
extract more Zn from calcareous soils than is actually avail-
able for the plant. According to different authors (Gonzalez
et al. 2007; Almendros et al. 2015), extracting agents such as
DTPA-TEA applied to calcareous soils results in the extrac-
tion of not only the Zn associated with the water soluble and
exchangeable fractions, but also that associated with the car-
bonate fraction. As a result, there is an overestimation of the
potential Zn availability to plants since the Zn associated with
the carbonate fraction corresponds to a relatively low mobility
pool within the soil. The DTPA-TEA method was originally
developed to identify micronutrient deficiencies in near neu-
tral and calcareous soils (Lindsay and Norvell 1978).
However, in our study in which ZnO NPs were applied, the
DTPA-TEA reagent extracted more Zn than any of the other
methods tested, especially from the calcareous soil. Martin
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Soriano-Disla et al. (2010) reported that considerable amounts
of metals were released when the DTPA-TEA method was
applied and that these were not plant available. Our results
with ZnO NPs were in line with those of Feng et al. (2005b)
andMenzies et al. (2007), which suggested that DTPA-TEA is
sometimes a poor estimator of plant available metals in soils.

4.2 Comparison Between Soil Chemical Extractions
and the DGT Technique

Zinc is an essential micronutrient for plants and is taken up via
specific transporter proteins on root surfaces. Chemical ex-
traction methods are equilibrium-based methods and do not
consider root uptake at the root-soil boundary. These methods
have certain disadvantages as it is difficult to prevent the
readsorption of metals to the soil phase during chemical ex-
traction and this may have a negative impact on the results
obtained. On the other hand, DGT—like the roots
themselves—acts as a zero sink for ions. It could therefore
be used as a surrogate for trace element uptake by plant roots.
DGT also accounts for the replenishment of depleted ions and
therefore could also permit the prediction of long-term bio-
availability (Puschenreiter et al. 2013). The DGT is permeable
to the cations and dissolved complexes, which diffuse thor-
ough them. The ZnO NPs can pass through the open pore
diffusive layer used in standard DGT devices and be retained
by the binding resin layer (Pouran et al. 2014). In our study,
the DGT technique satisfactorily assessed root and shoot con-
centrations of Zn from ZnO NP-amended soils (Table 2).
Puschenreiter et al. (2013) also reported good correlations
between Zn concentrations in roots and Zn concentrations
estimated using the DGT approach. In our study, the model
fit of Zn concentration in stem of both plant species and in root
and edible part of common bean improved when soil type was
included as a categorical variable (Figs. 1 and 2). Miner et al.
(1997) also reported that soil properties needed to be included
in the best fits to multiple regression models in order to im-
prove the relationships between plant metal concentrations
and soil-extractable metals for chemical extraction (EDTA
and DTPA). Conversely, Feng et al. (2005a) reported that
the equations for the LMWOAs method are the simplest for
assessing bioavailability, particularly in comparison with the
DTPA, EDTA, CaCl2, and/or NaNO3 reagents. Our results
suggest that when the two soils studied were amended with
ZnO NPs, both the weak extractants (LMWOAs, CaCl2, and
WS) and DGT technique offered the most robust approaches
for evaluating the bioavailability of Zn to tomato and common
bean plants since the fit of the model with the other two ex-
traction methods (DTPA-TEA and NH4Ac) depended on the
soil type.

According to the PCA (Fig. 3), the DGT technique and the
LMWOAs extraction method were fairly close in Zn
concentration estimations in root, stem, and edible part. This

result suggests that both techniques could potentially be used
in a similar way to estimate the Zn amount in these parts of
plants from ZnONPs applied to soil. Also, this PCA show that
the DGT technique could potentially be used to estimate very
satisfactorily Zn concentrations not only in root but also in
stem and the edible plant parts. Menzies et al. (2007) studied
a large data set taken from published papers (although none
included soils amended with metal-based NPs). They con-
cluded that equilibrium-based soil metal extraction procedures
typically showed poor correlations with shoot metal concen-
trations. Unlike in the chemical extraction approaches, the
DGT technique takes into consideration the kinetic processes
that take place between the soil solid and solution phases
(Wang et al. 2018), including the resupply of metals from
the solid phase to the solution phase (Dai et al. 2018). Small
ZnO NPs can pass through the open pore diffusive layer used
in standard DGT devices and can be retained by the binding
resin layer (Pouran et al. 2014). Consequently, this technique
could be expected to simulate plant uptake in soils amended
with ZnO NPs with a good predictive capacity (Song et al.
2018). However, the results from our study were not in agree-
ment with those reported by different authors (Zhang and
Young 2005; Menzies et al. 2007; Degryse et al. 2009) who
obtained better correlations between Zn concentrations in
shoots and Zn concentrations extracted using the DGT tech-
nique than when chemical extractions were used. In our study,
the LMWOAs, WS, and CaCl2 extraction method and the
DGT technique could potentially be used in a similar way to
estimate the Zn amount in the aerial parts (stem, leaf, and
edible part) of the plants from ZnO NPs applied to soil (Fig.
3).

4.3 Comparison Between Zn Extractability in Soil
and Leached Zn

The total quantities of Zn that were leached to groundwater
(throughout the whole plant life-cycle) were better or worse
explained as functions of Zn-extractability (whether chemical
or DGT), with this depending on the soil extraction test used.
Overall, and considering all of the results obtained, both the
weak chemical extractions (such as water, both diluted and
unbuffered salt solutions, and diluted solutions of mild acids)
and the DGT technique produced the best relationships be-
tween the amounts of extractable Zn in the soil and the total
amounts of leached Zn from both of the ZnO NPs-amended
soils. Thus, either weak chemical extractions or DGT proto-
cols could be used to assess the potential buildup of the total
amount of Zn (particulate plus dissolved) transported to
groundwater from ZnO NPs recently applied to typical soils
in Central Spain. In contrast, the total quantities of Zn leached
throughout the whole plant life-cycle were poorly explained
when buffered chemical extractions, such as 1.0 M NH4OAc
(buffered at pH 7.0) and especially DTPA-TEA (buffered at
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pH 7.3), were used. When the soil type was considered as a
categorical factor, Pearson correlation coefficients also showed
a strong, positive correlation between DTPA-TEA- or
NH4OAc-extractable Zn and the total amount of leached Zn
(Fig. 4). Although the pool of a contaminant present in soil
pore water is the most relevant measure that can be used to
characterize transport processes in soils, it should be noted that
the pool of Zn2+/ZnO-NPs retained in the solid matrix may be
potentially mobile as a result of changes in surface chemistry,
soil properties... The total amount of Zn from recently applied
ZnO NPs could therefore be lost to groundwater, as a result of
leaching, throughout the life cycle of an irrigated crop. This
would comprise of pore water, and, according to the specific
environmental conditions, it could also include the amount of
Zn released during the time that the plant is in contact with the
soil. As time passes, the ZnO NP aggregates/Zn2+ bound to
different soil components can be released to the soil solution,
which will have a potential impact on groundwater.

It is worthy of note that, for both plant species, there was a
big difference between the amounts of leached Zn in the two
soil types (acidic vs calcareous), with best regression models
being obtained when soil type was included as a categorical
variable. Different authors (Duchaufour 1987; Violante et al.
2010; Gonzalez et al. 2015) have reported that the movement
of dissolved micronutrients through the soil profile due to the
addition of water is clearly related to both the texture and
physicochemical characteristics of the soil.

According to Zhao et al. (2012a, b), bare ZnO NPs also
exhibited very limited transport distances and low availability
in two natural calcareous soils for short exposure times be-
cause most of the NPs were either associated or complexed
with various different soil components (most of the ZnO NPs
were associated with carbonate, while a smaller fraction was
bound to Fe-Mn oxides and organic fractions) and only a
minor amount was both soluble and exchangeable.

When the NH4Ac reagent was used the amounts of
leached Zn were higher in the acidic than in the calcareous
soil for the same amount of soil extractable Zn. This be-
havior was also observed when the DTPA-TEA method
was employed. This could indicate that these reagents ex-
tracted more Zn concentration in calcareous soil than was
leached, overestimating this concentration. Chelating
agents like DTPA are strong extractants and remove ele-
ments from adsorption sites to estimate the potentially mo-
bile Zn. This reagent could have extracted part of the metal
content associated with the soil components, even though
their solubility was low.

5 Conclusions

The results obtained in this study show that the different ex-
traction methods applied influenced the amounts of Zn that

were extracted from the ZnO NP-amended soils. Both for
tomato and for common bean, it was possible to successfully
predict the Zn concentrations in the roots and aerial parts of
plants (stems, leaves, and edible parts) using the diffusive
gradient in thin films (DGT) technique and weak chemical
extractions: diluted solutions of mild acids—low-molecular-
weight organic acids, LMWOAs, neutral-unbuffered salt so-
lutions—CaCl2, or water—WS. Moreover, in these cases, the
prediction of the Zn concentration in the different plant tissues
only slightly improved when the soil type was considered as a
categorical factor. Our results suggest that when the two soils
studied were amended with ZnO NPs, both the weak
extractants (LMWOAs, CaCl2, and WS) and DGT technique
offered the most robust approaches for evaluating the bio-
availability of Zn to these plant species since the equations
with the other two extraction methods (DTPA-TEA and
NH4Ac) are depending on the soil type. In this study, the
physical-chemical properties of the calcareous soil, especially
in terms of both its high pH and clay content, contributed to
increasing the soil retention of ZnO NPs/Zn2+ and hence the
corresponding decrease in Zn availability to plants. Overall,
although the weak chemical extraction and DGT technique
were able to estimate the total quantities of Zn that were
leached to groundwater—throughout the whole-life cycles of
both irrigated crops—, the correlation improved in all cases
when the soil type was included as a categorical variable.
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