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Abstract
The aim of this paper is to explore whether the long-term bioavailability of Zn in different soils can be predicted using 
operational extraction procedures. Green peas and beetroot were grown in two soils with contrasting physicochemical 
characteristics. Two Zn sources of different sizes (ZnO-nano or ZnO-bulk) were applied 1 year earlier, at different Zn 
application rates. The amounts of available Zn were assessed using the diffusive gradients in thin films (DGT) technique 
and different chemical extraction procedures: water-soluble (WS), CaCl2, rhizosphere-based low-molecular-weight organic 
acid (LMWOAs), DTPA-TEA, and NH4Ac. The different correlation and regression studies showed that the estimation of 
availability is dependent on the soil categorical variable, especially in the beetroot crop. Zn-DGT could be used to estimate 
the Zn concentration of the aerial part of the green pea using a general model for both soil and ZnO sizes. The estimation 
of long-term Zn bioavailability was successful using either medium-strength extractive solutions or the DGT technique. 
The extraction methods involving complexing agents or buffered salt solution overestimated the amount of bioavailable Zn 
in calcareous soil. Further studies will be necessary to know the amounts of Zn associated with the different soil fractions.

Keywords  LMWOAs · DGT · Traditional chemical extraction · Aged nanoparticles · Zn nanofertilizer

1  Introduction

Zinc (Zn) is an essential trace element (micronutrient), 
which is required in small, but critical, amounts by both 
plants and animals (including humans). Nearly half of the 
world’s soils are deficient in Zn (Das and Andrew 2016). 

The causes of the Zn deficiency in soils include high Zn 
removal by crops due to high crop yields and intensive 
cropping systems, reductions in the application of organic 
manures, and the use of high analysis fertilizers, which pro-
vide only the main macronutrients. Millions of hectares of 
cropland are affected by Zn deficiency and approximately 
one third of the human population suffers from inadequate 
Zn intake (Alloway 2009).

Different Zn fertilizers have been used to prevent Zn 
deficiency in soils. In addition to traditional Zn sources 
(such as Zn sulfate, Zn oxide, Zn chloride, Zn nitrate, and 
Zn oxy-sulfate), the fertilizer market currently offers com-
plexes and chelates of natural or synthetic origin, whose 
use has significantly increased in recent years (Almendros 
et al. 2019). However, the application of nanotechnology 
in different areas of agriculture has also reached fertilizers 
and there is now a growing field of research into the use of 
engineered nanoparticles (NPs) as nanofertilizers (Zahedi 
et al. 2020). Precise fertilization techniques (such as the use 
of nanofertilizers) are based on controlling nutrient delivery. 
These techniques aim to minimize losses to the environment 
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caused by leaching to groundwater and reduce Zn changes to 
more stable forms, through slow reactions with soil constitu-
ents. The chemical forms used in precision agriculture aim 
to provide plants with the nutrients that they need at every 
stage of their growth (Mikula et al. 2020).

After applying Zn fertilizers, the activity and extractabil-
ity of the Zn added to soils in water-soluble forms decreases 
slowly, but continuously, thereby increasing the retention 
of Zn by soils. There is an initial rapid sorption reaction 
followed by slower sorption reactions with soil constituents 
(Buekers 2007). These reactions include diffusion into soil 
micropores, occlusion in the solid phase by co-precipitation 
and co-flocculation, entrapment in cavities, and the forma-
tion of a solid solution interface (Davis and Kent 2018). The 
duration of this period depends on the soil characteristics, 
the source applied and the rate of Zn added (Almendros et al. 
2013b, a; Alvarez et al. 2009; Obrador et al. 2021). Alvarez 
et al.(2009) found that—after 2 years—the residual effect of 
the application of natural Zn chelates depended on the age-
ing effect of each source, on Zn leaching losses and on soil 
characteristics. Brennan (2001) reported that the effective-
ness of a ZnO treatment applied to wheat decreased by 50% 
over a 13-year period.

The physicochemical properties of different Zn fertiliz-
ers can influence processes such as adsorption, aggrega-
tion, dispersion and the solubility of particles in soil (Tiede 
et al. 2008). Nanomaterials are much more reactive than 
large-sized particles due to their bigger surface area per unit 
mass (Rickerby and Morrison 2007). This high reactivity 
of metal-based NPs could cause their homo-aggregation to 
similar NPs and the hetero-aggregation to natural colloids 
that are also present in pore water (Ogunkunle et al. 2021; 
Rodrigues et al. 2016). These aggregates could subsequently 
be retained in the solid matrix, or be subject to dissolution, 
leading to the release of metal ions (Rodrigues et al. 2016).

The total Zn concentration in a soil does not provide 
information about its availability, mobility, or reactiv-
ity related to chemical forms. Several chemical extrac-
tion procedures have been proposed to determine the 
availability of Zn in soils. The single extraction methods 
can be divided into four main groups, based on different 
strengths: (i) unbuffered salt solutions (CaCl2, NaNO3, 
NH4Cl, NH4NO3, AlCl3, BaCl2), (ii) buffered salt solutions 
(NH4–acetate, acetic acid), (iii) chelating agents (EDTA or 
DTPA), and (iv) acid extractions (HCl, HNO3, CH3COOH) 
(Rauret 1998). These different solution types and strengths 
determine the concentration of Zn extracted from the soil. 
In general, salt solutions extract weakly adsorbed metals 
retained on solid surfaces by a relatively weak electrostatic 
interaction; these metals can be released by ion-exchange 
processes (McLaughlin et al. 2000). Chelating agents can 
displace metals from insoluble organic or organometallic 

complexes, in addition to those sorbed on inorganic soil 
components (Ure and Davidson 2002). Acid extraction 
dissolves soil metal forms into non-silicate bound forms. 
These harmonized procedures have been widely used to 
assess soil Zn fertility when conventional Zn fertilizers are 
added. Nevertheless, the properties of the NPs would influ-
ence their adsorption processes and, therefore, the recov-
ery values of the different chemical extraction procedures.

Some studies have evaluated the suitability of chemical 
extraction methods and diffusive gradients in thin films 
for estimating Zn concentration in plants. However, these 
studies have been conducted on unfertilized natural soils 
(Tandy et al. 2011) or on recently amended soils (Almen-
dros et al. 2020). To the best of our knowledge, there are 
no published studies on the evaluation and validation of 
extraction methods with aged Zn-NPs.

We explored the hypothesis that the predictive power 
of different extraction techniques used to estimate long-
term Zn bioavailability from ZnO sources (bulk and nano) 
could depend on soil characteristics and source particle 
size. To verify this hypothesis, a greenhouse experiment 
was designed in which ZnO sources (bulk and nano) were 
applied to a first crop grown in two soils (acidic and cal-
careous), in which a second crop was subsequently grown. 
The specific objective of our study was to compare and 
validate standardized extraction techniques and to estimate 
the long-term Zn bioavailability from aged nano and bulk 
ZnO sources for two different crops (a leguminous—green 
pea—and a horticultural—beetroot—crop).

2 � Materials and Methods

2.1 � Soil Characterization

The original soils used in this study were collected a year 
before conducting this study. These two representative 
soils (an acidic soil, pH 5.4; 40° 44′ N, 3° 25′ W, and a 
calcareous soil, pH 8.5; 40° 22′ N, 3° 24′ W) were from 
different rural areas of Spain. These soils were character-
ized using standard analytical determinations in a previous 
work (Almendros et al. 2020). Both were soils commonly 
used to cultivate cereals and were characterized by their 
low organic matter contents (< 2%). Both types of soil are 
common in the Mediterranean area. Soil 1 was classified as 
a TypicPalexeralf and soil 2 as a TypicHaploxerepts (Soil 
Survey Staff 2014). Soil 1 was acidic (pH = 5.4), while, in 
contrast, soil 2 was calcareous (pH = 8.5). The soils were 
classified as Luvisol and Cambisol (FAO 2015). The gen-
eral properties of the original soils, based on means from 
three replicates, are reported in Table 1.
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2.2 � Greenhouse Experiment

The soils used in this study were residual and obtained from 
experiments conducted during the previous year, which had 
been used to grow a cherry tomato and a common bean crop. 
ZnO NPs (< 100 nm) were obtained from Sigma-Aldrich 
(Germany) with a nominal primary particle size of less than 
100 nm (i.e., rp ≤ 50 nm). The bulk ZnO form was purchased 
from Sigma-Aldrich (Germany). In the former, the different 
soils were treated with ZnO (bulk or NPs), applied at dif-
ferent Zn rates (0, 20, and 225 mg Zn kg soil−1). The rate of 
20 mg Zn kg−1 was used because other experimental studies 
suggest that this dose has a beneficial effect on crop devel-
opment (Reddy Pullagurala et al. 2018). A dose higher than 
200 mg Zn kg−1 was selected to evaluate possible toxic or 
inhibitory effects on crops (Zuverza-Mena et al. 2017). How-
ever, the plants did not grow in the acid soil at the higher 
dose (200 Zn kg−1). Eventually, a rate of 3 mg Zn kg−1 of 
NPs was also used to reflect realistic ZnO NP conditions in 
polluted natural soils.

The control treatment (with no added Zn) and the Zn 
fertilizer treatments were replicated 3 times according to a 
randomized complete block design (total pot number: 84). 
For the study, soil from each container in the previous study 
(Almendros et al. 2020) was mixed, air-dried and homog-
enized and then returned to the container.

The soil was then left to stand for 6 months to equilibrate 
under these greenhouse conditions. The container (each with 
a capacity of 10 L, a mean internal diameter of 24 cm, and 
a height of 24 cm) were kept in a greenhouse in which tem-
peratures ranged from 3 °C (night) to 38 °C (day) and the 
relative air humidity ranged from 35 to 85%. The soils were 
respectively amended with macronutrients N, P, and K (100, 
50 and 125 mg per kg of soil). No new additions of Zn ferti-
lizer were made. Total Zn concentrations at the beginning of 

this experiment were as follows: 40.62 ± 1.50 mg kg−1 in the 
acidic soil and 62.66 ± 1.74 mg kg−1 in the calcareous soil.

Green pea (Pisum sativum L. cv. Negret) and beetroot 
(Beta vulgaris L. cv. Detroit) were respectively grown in 
the same pots in which the tomato and common beans had 
previously been grown, until their edible parts reached matu-
rity; this was 60 days after emergence in the case of pea and 
90 days in that of beet. At the end of the cropping, the plants 
were removed from the pots, rinsed with deionized water, 
and divided in root, stem, leaf, and edible part (the beet-
roots were peeled, and the pea grains were separated from 
their pods to obtain their edible part). The plant samples 
were weighed to determine their fresh weight. Their roots 
were successively washed with deionized water and then 
with 10 mmol L−1 tetrasodium ethylenediaminetetraacetate 
(Na4EDTA) in an ultrasound-assisted bath, at 35 kHz, for 
15 min. Finally, all the plant samples were dried in an oven, 
at 60 °C; the only exceptions were the peeled beet roots, 
which were vacuum freeze-dried.

2.3 � Plant and Soil Analysis

The total Zn content in the plant parts (root, stem, leaf, and 
edible part) was determined by wet digestion in a sample 
preparation block system (SPB PROBE, PerkinElmer) 
(Almendros et al. 2020). Different extraction methods were 
used to assess long-term bioavailability from Zn oxide 
sources: LMWOAs (rhizosphere-based extraction method), 
CaCl2, DTPA-TEA, WS, and NH4OAc. A DGT device was 
also used to determine diffusive fluxes of Zn in the soil 
(Table 2). The DGT device consisted of a cation exchange 
resin—Zn2+ binding layer—and a diffusion layer that allows 
solute diffusion prior to binding. It also incorporated a pro-
tective polyether sulfone filter membrane through which ions 
and NPs can diffuse freely. Soil samples were moistened 
with Milli-Q water to keep the water content at 70% of the 
water holding capacity (WHC). Soil samples with the DGTs 
were incubated in the dark at 20 °C for 24 h. When the DGT 
devices were recovered, they were rinsed with Milli-Q water 
and the binding gels were removed and eluted with 1 mL 
of 1 M HNO3 for 24 h. The results were used to calculate 
the time-averaged solution Zn concentration at the interface 
between soil and DGT. The Zn concentration in all of the 
soil extracts obtained was determined using flame/graphite 
furnace atomic absorption spectrometry, with this depend-
ing on the Zn concentration range (Perkin-Elmer, AAnalyst 
700).

2.4 � Statistical Analysis

We studied the linear relationships between the different Zn 
concentrations in all the soil extracts and the Zn concentra-
tions in all the different plant parts (n = 42). Log-transformed 

Table 1   Main physicochemical parameters and element concentra-
tions measured in the acidic soil and the calcareous soil

Acidic soil Calcareous soil

pHw (1:2.5 w:v) 5.5 ± 0.1 8.5 ± 0.1
Texture (USDA) Silty loam Silty clay loam
Sand (g kg−1) 250 ± 8 175 ± 6
Silt (g kg−1) 570 ± 10 435 ± 9
Clay (g kg−1) 180 ± 7 390 ± 8
Organic matter (g kg−1) 16.9 ± 0.1 (low) 11.3 ± 0.1 (low)
EC (μS cm−1) (1:5 w:v) 66.9 ± 3 125.9 ± 5
CEC (cmol kg−1) 11.4 ± 0.8 22.1 ± 1
Total N (g kg−1) 0.91 ± 0.1 0.9 ± 0.04
Total Zn (mg kg−1) 40.6 ± 2.1 62.7 ± 3.3
DTPA-TEA-extractable-Zn 

(mg kg−1)
2.49 ± 0.07 0.28 ± 0.01
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data were used to meet the two assumptions of normal dis-
tribution and uniform variance. According to the log-trans-
formation that was used, it was possible to estimate the Zn 
concentrations in the different plant parts by applying the 
formula:

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).

We also studied relevant relationships, including soil 
type (acidic vs calcareous soil) and ZnO size (bulk vs NPs) 
as categorical variables. The statistical studies were made 
using Statgraphics Centurion XVII 17.2 software (Manugis-
tic, Rockville, MD).

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). Classical 

(1)y = 10
β
0
+β

1
log(x)

standardization has been carried out, centering and reducing 
the variables. The variables were centered and divided by 
their standard deviation to have variables with zero mean 
and standard deviation equal to 1.

3 � Results

3.1 � Relationships Between Long‑Term Extractable 
Zn Concentrations in Soil and Zn Concentrations 
in Plant Tissues

To test whether a global linear model would be suitable 
for estimating long-term available Zn from applied ZnO, 
irrespective of particle size (bulk or NPs), simple linear 
regression analyses were performed. Simple linear regres-
sion analyses between the log-transformed variables of the 
soil Zn concentrations and the Zn concentrations in the dif-
ferent plant tissues (root, stem, leaf, and edible part) were 
estimated using the extraction methods shown in Table 3. 
According to Pearson’s correlation coefficients (r), all 

Table 2   Extraction methods used to assess long-term bioavailability from Zn oxide sources: LMWOAs (rhizosphere-based extraction method), 
CaCl2, DTPA-TEA, WS, NH4OAc, and DGT

Method Conditions

LMWOAs (rhizosphere-based extraction method) (Feng et al. 2005) 2/20 (soil, g/extractant solution, mL)10 mM acetic/lactic/citric/malic/
formic acid molar ratio 4:2:1:1:1Shaken end-over-end shaker for 16 h

CaCl2 (Houba et al. 2000) 2/20 (soil, g/extractant solution, mL)
0.01 M CaCl2 solution, shaken end-over-end shaker for 2 h

DTPA-TEA (Lindsay and Norvell 1978) 10/20 (soil, g/extractant solution, mL)
5∙10−3 M diethylene triaminepentaacetic acid (DTPA), 0.01 M CaCl2 

and 0.1 M triethanolamine (TEA), adjusted to pH 7.3, shaken horizon-
tal shaker 120 cycles/min for 2 h

WS (Almendros et al. 2020) 1/10 (soil, g/extractant solution, mL)
Double-deionized water, shaken end-over-end shaker for 2 h
Centrifuged (4500 rpm, 15 min)
Supernatant filtered 0.22 µm cellulose acetate paper

NH4OAc (Van Reeuwijk 2002) 2.5/25 (soil, g/extractant solution, mL)
NH4OAc solution 1 M at pH = 7, shaken end-over-end shaker for 2 h

DGT (Almendros et al. 2020; Degryse et al. 2009) 24 h of incubation in the dark at 20 °C
The binding gels were then removed and eluted with 1 mL of 1 M HNO3

Table 3   Pearson’s correlation 
coefficients (r) between 
log-transformed values of Zn 
concentrations in different 
plant tissues and Zn-extractable 
concentrations (n = 29). 
Zn-LMWOAs, rhizosphere-
based low-molecular-weight 
organic-acid; Zn-WS, water-
soluble; Zn-DGT, diffusive 
gradients in thin films

Beetroot Green pea

Stem Leaf Edible part Root Stem Leaf Edible part Root

Zn-LMWOAs 0.98*** 0.98*** 0.97*** 0.84*** 0.95*** 0.98*** 0.89*** 0.84***
Zn-CaCl2 0.97*** 0.96*** 0.95*** 0.83*** 0.92*** 0.97*** 0.85*** 0.83***
Zn-DTPA-TEA 0.42* 0.44* 0.50* 0.54* 0.66** 0.53* 0.74*** 0.63**
Zn-WS 0.81*** 0.82*** 0.79*** 0.70*** 0.69*** 0.71*** 0.64** 0.72***
Zn-NH4Ac 0.84*** 0.84*** 0.85*** 0.86*** 0.88*** 0.88*** 0.88*** 0.86***
Zn-DGT 0.97*** 0.96*** 0.95*** 0.82*** 0.88*** 0.93*** 0.78*** 0.78***
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the soil extract procedures were successful in estimating 
the Zn concentrations in each of the parts of the beetroot 
and green pea plants. In general, the correlations between 
the soil extractable Zn concentrations and Zn concentra-
tions in the different plant parts were strongest when the 
LMWOA and CaCl2 methods were used (0.84 < r < 0.98 
and 0.83 < r < 0.97, for LMWOAs and CaCl2, respectively); 
they were positive and highly significant (P < 0.0001). The 
relationships between the soil extractable Zn concentra-
tions using the DGT, NH4Ac, and WS approaches, and the 
Zn concentrations found in the different plant tissues were 
strong (0.78 < r < 0.97, 0.84 < r < 0.88, and 0.64 < r < 0.82, 
for DGT, NH4Ac, and WS, respectively), positive and signif-
icant (0.001 < P < 0.0001). The correlations between the Zn 
concentrations extracted by the DTPA-TEA method and the 
Zn concentrations in the different parts of the beetroot and 
green pea plants were positive and lower (0.42 < r < 0.74; 
0.05 < P < 0.0001) than those obtained applying other 
extraction methods.

3.2 � The influence of soil type

The physicochemical parameters of soils, especially the pH 
value, influence the availability of Zn in soils, as shown in 
Table 1, the concentration of available Zn in acid soil (pH 
5.5) is almost 10 times higher than that of calcareous soil 
(with a pH of 8.5).

Since soil characteristics, especially soil pH, could influ-
ence the model fit for different soil extraction methods, we 
compared the intercept (β0) and the slope coefficient (β1) in 
the regression models used to estimate Zn concentrations 
in the different plant parts from the Zn concentration in the 
soil extract obtained. A higher β0 value indicates a higher 
Zn concentration in the plant for the same soil concentra-
tion. The slope coefficient represents the increase of Zn 
concentration in the plants in relation to the available Zn 
concentration in the soil. The intercept coefficients and/or 
slopes in the regression models were significantly different, 
not only as a function of soil type but also as a function of 
the extraction method used to predict long-term Zn bioavail-
ability (Table 4). Soil type was significant for the intercept 
and/or the slope in regression models including soil type 
(acidic vs calcareous) as a categorical variable, except for 
the relationships between Zn-WS and Zn in the beet root; 
Zn-DGT and Zn in the pea stem; Zn-LMWOAs, Zn-CaCl2 
or Zn-DGT, and Zn in the pea leaf; and Zn-NH4Ac or Zn-
DGT and Zn in the edible part of the pea (Table 4). When 
soil type was significant for the intercept and/or the slope 
in the new regression model, the R-squared value improved 
relative to not including soil type as a categorical variable.

The regression study between LMWOAs- or 
CaCl2-extractable Zn concentrations and Zn concentra-
tions in plant tissues showed comparable behaviors for 

both crops (Fig. 1). The models showed that both Zn con-
centrations in plant tissues and soil extractable Zn concen-
trations were significantly higher for acidic soil than for 
calcareous soil, except for root Zn concentrations. These 
chemical methods extracted different soil Zn concentra-
tions, which depended on the soil type, for the same root 
Zn concentrations. The extractable Zn concentrations in 
the acidic soil were significantly higher than in the calcare-
ous soil for the same root Zn concentration.

The relationships obtained between Zn-DTPA-TEA 
concentrations in soil and Zn concentrations in different 
plant parts showed that the regression model was depend-
ent on soil type. Soil type was significant for the intercept 
and/or the slope in all the plant parts and in both plant 
species (Table 4). In addition, R-squared values increased 
when soil type was included as a categorical variable. 
Within the range of ZnO NP concentrations studied and 
for the same soil Zn-DTPA-TEA concentration, Zn con-
centrations in plant tissues were significantly higher in the 
acid soil than in the calcareous soil (Fig. 1). In addition, 
the slopes of the regression models were much greater for 
the acid soil than for the calcareous soil in all cases.

The regression study between WS-extractable Zn in soil 
and Zn concentrations in the different plant tissues showed 
that the soil type was only significant for the intercept for 
all the Zn concentrations in the plant tissues of both crops, 
with the exception of beet roots (Table 4). There was an 
increase in the R-squared values in the linear relationships 
when the soil type was significant for the intercept. In 
these cases, two different types of behavior as a function 
of Zn-WS concentrations were observed (Fig. 1). At high 
soil-extractable Zn-WS concentrations, the Zn concen-
trations in plant tissues increased. However, at Zn-WS 
concentration below 0.3 mg Zn kg soil−1 (log Zn-WS 
value − 0.53), the Zn concentrations in the different plant 
parts were significantly higher in the acidic soil than in the 
calcareous soil, for the same Zn-WS concentration.

Regression models between NH4Ac extractable Zn in 
soil and Zn concentrations in plant tissues obtained by 
including the categorical variable (soil type) gave higher 
R-squared values than using data from both soils together. 
This applied to all the plant species and plant tissues stud-
ied, except for the edible part of the green pea. The regres-
sion study also showed that the soil type was significant 
(for the intercept and/or the slope) in all the plant parts of 
both plant species. It would therefore be appropriate to 
use a model for each of the soils. Interestingly, a similar 
behavior was observed for this extraction in the green pea 
to that observed with WS-extractable Zn, with the two 
different forms of behavior depending on the respective 
Zn-NH4Ac concentrations in the soil (Fig. 1). However, in 
the beetroot plants, a similar behavior to Zn-DTPA-TEA 
extraction was observed, with higher Zn concentrations in 



	 Journal of Soil Science and Plant Nutrition

1 3

plant tissues for the acidic soil than for the calcareous soil, 
for the same soil-extractable Zn concentration.

The regression study between potentially available Zn 
in soil measured by the DGT technique and plant Zn con-
centrations showed that soil type was significant (for the 
intercept and/or slope) for all beet plant tissues and for 
green pea root (Table 4). It should be noted that in beetroot 
plants, these regression models showed different intercepts 
depending on the soil type, but the increase in plant Zn 
concentration in relation to the available Zn concentration 
in the soil is similar.

Zinc concentrations in beet shoots were significantly 
higher for the acidic soil than for the calcareous soil 
(Fig. 1). Furthermore, in these models, the R-squared val-
ues were higher than when data from both soils were used 
together. These increases in R-squared values ranged from 
0.61–0.94 to 0.78–0.97 (with the lowest values in both 
ranges being for green pea root and the highest being for 
beetroot stem).

Table 4   Residual standard error (RSE), intercept (β0), and slope (β1) 
of the linear relationship(s) between the log-transformed values of the 
Zn concentrations in the different plant tissues and the extractable Zn 
concentrations of all ZnO-amended soils. If the model shows differ-
ences for the intercept and/or slope depending on soil type—when 

soil type is included as a categorical variable—they are denoted by 
AS (acid soil) and CS (calcareous soil). Zn-LMWOAs, rhizosphere-
based low-molecular-weight organic-acid; Zn-WS, water-soluble; Zn-
DGT, diffusive gradients in thin films

1 The model showed differences for the intercept and slope when soil was included as a categorical variable

Beetroot Beta vulgaris Green pea Pisum sativum

Stem Leaf Edible part Root Stem Leaf Edible part Root
Zn-LMWOAs R2 97.68*** 96.77*** 95.23*** 74.45*** 92.60*** 96.18*** 89.16*** 78.24***

RSE 0.08 0.12 0.09 0.14 0.15 0.10 0.06 0.20
β0 1.63 1 AS: 1.63

CS: 1.99
AS: 0.14
CS: 0.55

AS: 1.91
CS: 2.48

2.02 1 1

β1 AS: 1.07
CS: 0.56

0.90 0.67 1.14 0.73 1 1

Zn-CaCl2 R2 97.45*** 96.09*** 95.58*** 71.44*** 90.13*** 94.41*** 85.92*** 77.03***
RSE 0.08 0.13 0.08 0.15 0.18 0.12 0.07 0.20
β0

1 1 1 AS: 0.18
CS: 0.67

1 2.09 1 AS: 1.89
CS: 2.94

β1 1 1 1 0.60 1 0.63 1 1.07
Zn-DTPA-TEA R2 98.83*** 98.60*** 96.70*** 69.76*** 93.77*** 98.17*** 92.46*** 82.53***

RSE 0.06 0.08 0.07 0.15 0.14 0.07 0.05 0.18
β0

1

β11

Zn-WS R2 84.71*** 82.99*** 73.95*** 49.02*** 76.28*** 87.75*** 61.77*** 60.48***
RSE 0.20 0.27 0.20 0.19 0.27 0.18 0.11 0.27
β0 AS: 2.13

CS: 1.49
AS: 2.53
CS: 1.73

AS: 2.04
AC: 1.61

0.40 AS: 2.54
CS: 1.83

AS: 2.42
CS: 1.65

AS: 1.81
CS: 1.62

AS: 2.47
CS: 2.16

β1 0.34 0.49 0.31 0.41 0.31 0.26 0.10 0.40
Zn-NH4Ac R2 98.80*** 97.34*** 93.83*** 74.32*** 84.28*** 95.89*** 78.14*** 77.27***

RSE 0.06 0.11 0.10 0.14 0.22 0.11 0.08 0.21
β0

1 1 1 1 AS: 2.34
CS: 1.92

1 1.70 2.08

β1 0.82 0.39 AS: 1.68
CS: 0.51

Zn-DGT R2 94.88*** 93.57*** 91.69*** 67.35*** 75.53*** 87.06*** 60.35*** 55.25***
RSE 0.12 0.17 0.12 0.16 0.27 0.19 0.10 0.30
β0 AS: − 0.60

CS: − 0.21
AS: − 1.10
CS: − 0.56

AS: − 0.48
CS: 0.05

AS: − 1.31
CS: − 0.86

0.78 0.60 1.33 1.15

β1 1.18 1.57 1.09 0.77 0.70 0.72 0.19 AS: 0.54
CS: 0.60
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Fig. 1   Linear relationships between log-transformed values of 
LMWOAs-, CaCl2-, DTPA-TEA-, WS-, NH4-acetate- (mg Zn kg−1), 
and DGT-extractable Zn (μg Zn L−1) and the Zn concentration in 
plant tissues (root, stem, leaf or edible part, mg Zn kg.−1) for both 
crops. When the soil type, which was considered as a categori-

cal variable, is significant for the intercept and/or slope, the model 
is represented using two different lines (discontinuous and continu-
ous, for the acidic and calcareous soils, respectively). The circles and 
the crosses represent the values for the acidic and calcareous soils, 
respectively (n = 72)
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3.3 � The Influence of ZnO Particle Size (Bulk vs NPs)

Given the possibility that the ZnO particle size (bulk vs NPs) 
could also have influenced the model fit, we studied a new 
regression model including this variable (ZnO particle size) 
as a categorical variable (Table 5). In this new regression 
model, we analyzed the two soils separately to rule out the 
potential influence of the soil factor. The results showed that 
ZnO particle size was only significant for the intercept and/
or slope in the linear relationships between Zn-WS and all 
parts of the green pea plant and for Zn-DGT and the edible 
part of the beetroot.

The results also showed that WS-extractable Zn did not 
adequately estimate Zn concentrations in the different plant 
parts in calcareous soil, in either of the two crops (Table 5). 
Furthermore, the DGT technique failed to satisfactorily esti-
mate Zn concentrations in the different parts of the green pea 
in the calcareous soil. Relatively low R-squared (R2) values 
were observed in some of the regression models obtained 
when the soils were studied separately. These values indi-
cated that when using WS-extractable Zn to predict the Zn 
concentrations in the different parts of the beetroot grown in 
the acidic soil, the models only explained 37.33 to 39.80% of 
the variability of the data. Furthermore, these results showed 
that, in some cases, the different models used to estimate the 
Zn concentrations in the roots of both crops explained less 
than 45% of the variability in the data (Zn-WS, Zn-DGT 
in both soils and Zn-DTPA-TEA in the calcareous soil, for 
beet root and for all the chemical extraction methods and the 
DGT technique for green pea root).

The result of the regression study between the logarith-
mically transformed values of extractable Zn in soil and Zn 
concentrations in plant tissues—when particle size was con-
sidered as a categorical variable—was significant for the 
intercept and/or slope, as shown in Fig. 2. It is notable that 
in the green pea grown in the acidic soil, the WS-extract-
able Zn at the highest Zn concentration studied increased 
according to the particle-size, for the same Zn concentra-
tion in the plant tissue. The extractable Zn concentrations 
in soils amended with bulk oxide were significantly higher 
than in the soils amended with NPs. However, this trend was 
not observed in the calcareous soil, and the overall model 
is valid for both particle sizes. Likewise, Zn concentra-
tions obtained by the DGT technique from calcareous soil 
amended with bulk ZnO were significantly higher than those 
obtained from soils amended with ZnO NPs.

To study the possible relationships between the Zn con-
centration in the different parts of each plant species and 
the Zn-extractable concentration in soil, a PCA biplot was 
generated (Fig. 3). The variance explained by the first 2 
components was 83.07% (x-axis 72.80%, y-axis 10.27%). 
The biplot of the first two components showed clusters of 
values as a function of soil type, crops, and/or applied ZnO 

NP rate. The PCA biplot showed that Zn concentrations 
were grouped according to soil type: the calcareous soil 
was associated with negative values on the x-axis (except 
at the highest Zn rate, located at around the origin) and the 
acidic soil was associated with positive values on the x-axis. 
Clusters of points were grouped along the x-axis according 
to the Zn rate that was applied. The lower application rates 
were clustered nearer smaller x-values than the higher rates. 
The control, and rates 3 and 20 in the calcareous soil could 
not be differentiated. In contrast, the highest Zn rate in the 
acidic soil formed clusters that were separated according 
to ZnO particle size (NPs or bulk). There were also differ-
ent groups on the y-axis depending on the crop: green pea 
on the positive y-axis values and beetroot on the negative 
y-axis values. Root Zn concentration influenced this clus-
tering, as Zn concentrations in beet root were lower than in 
pea root. The Zn concentrations extracted by the WS, DGT, 
CaCl2, and LMWOAs methods were quite close to each 
other. The angle in the bi-plot between these methods and 
the Zn concentrations in the plant stems and edible parts of 
the plants implied a positive correlation between them. This 
suggests that under these experimental conditions the WS, 
DGT, CaCl2, and LMWOAs methods had similar extraction 
capabilities and successfully estimated Zn concentrations in 
these plant parts. In contrast, these extraction methods show 
no relationship with Zn concentrations in roots. The angle 
in the bi-plot between Zn-NH4Ac and Zn concentrations in 
the edible parts of both crops implied a positive correlation 
between them. Conversely, this reagent did not appear to 
be related to Zn concentrations in the roots, as a right angle 
implied no correlation between the variables.

4 � Discussion

The different extraction methods applied influenced the 
amounts of Zn that were extracted after ageing for one year 
in soil. The amount of metals in the soil solution represented 
the most available fraction (Kiekens 1995). However, the 
WS extraction method was not able to successfully predict 
Zn concentrations in all the different plant parts and particu-
larly not for low Zn concentrations in soils. The models that 
were separately applied with each of the soils showed that 
they were not appropriate for estimating concentrations in 
plants based on the Zn-WS concentration in the calcareous 
soil. The characteristics of the calcareous soil, including its 
alkaline pH and high clay content, increased the retention 
of ZnO NPs / Zn2+ ions by the soil and there was thus a cor-
responding decrease in Zn availability to plants. The WS 
extraction method quantifies the free ions present in the soil 
solution (Zn2+ and ZnOH+) and the organic Zn complexes 
present in the soil solution. However, in addition to this 
readily available fraction, plants are also able to influence 
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Table 5   Residual standard error (RSE), intercept (β0), and slope 
(β1) of the linear relationship(s) between log-transformed values of 
the Zn concentrations in different plant tissues and Zn-extractable 

concentrations from all the ZnO amended soils. Different intercepts 
and/or slopes when ZnO size is included as a categorical variable are 
denoted with NPs (NP) and bulk (B)

Beetroot Beta vulgaris Green pea Pisum sativum

Stem Leaf Edible part Root Stem Leaf Edible part Root
Acidic soil
Zn-LMWOAs R2 96.341*** 93.63*** 96.01*** 59.60*** 96.76*** 88.39*** 94.34*** 98.19***

RSE 0.06 0.11 0.06 0.15 0.047 0.083 0.020 0.051
β0 1.63 1.86 1.58 0.16 1.98 1.92 1.64 1.66
β1 1.08 1.48 0.99 0.63 1.00 0.89 0.31 1.47

Zn-CaCl2 R2 94.76*** 90.36*** 96.15*** 66.93** 96.52*** 90.10*** 92.29*** 94.61***
RSE 0.05 0.13 0.06 0.13 0.049 0.077 0.023 0.089
β0 1.63 1.86 1.57 0.14 2.10 2.02 1.68 1.84
β1 1.10 1.49 1.02 0.68 0.80 0.72 0.25 1.16

Zn-DTPA-TEA R2 96.23 94.36*** 90.63*** 58.19** 96.60*** 89.88*** 90.1.3*** 95.46***
RSE 0.06 0.10 0.09 0.15 0.05 0.078 0.03 0.08
β0 1.03 1.03 1.05  − 0.18 1.57 1.55 1.52 1.07
β1 1.32 1.82 1.18 0.76 1.08 0.97 0.32 1.56

Zn-WS R2 37.33* 39.80* 37.53* 38.38* 93.42*** 69.80*** 90.54*** 94.84***
RSE 0.25 0.34 0.23 0.18 0.073 0.14** 0.03 0.09
β0 2.13 2.53 2.04 0.45 NP: 2.73

B: 2.46
2.46 NP: 1.88

B:1.78
NP: 2.77
B: 2.35

β1 0.38 0.54 0.35 0.28 NP: 0.82
B: 0.30

NP: 0.49
B: 0.22

NP: 0.25
B: 0.09

NP: 1.22
B: 0.43

Zn-NH4Ac R2 96.47*** 93.02*** 93.86*** 59.46** 95.80*** 95.07*** 89.19*** 87.36***
RSE 0.06 0.11 0.07 0.15 0.06 0.06 0.03 0.14
β0 1.93 2.27 1.86 0.34 2.26 2.16 1.72 2.08
β1 1.14 1.55 1.04 0.66 1.21 1.12 0.37 1.66

Zn-DGT R2 76.59** 71.45** 78.97** 43.22* 63.04* 62.27* 59.06* 65.93**
RSE 0.15 0.23 0.12 0.16 0.17 0.16 0.05 0.22
β0  − 0.79  − 1.25  − 0.55  − 1.00 0.85 0.82 1.32 0.10
β1 1.25 1.64 1.12 0.64 NP: 0.68

B:0.67
0.64 0.20 0.95

Calcareous soil
Zn-LMWOAs R2 62.65** 62.52** 69.16*** 53.92** 68.57*** 71.53*** 71.45*** 20.19*

RSE 0.09 0.13 0.10 0.14 0.19 0.11 0.07 0.26
β0 1.65 1.97 1.89 0.59 2.58 2.04 1.93 2.34
β1 0.58 0.84 0.74 0.74 1.28 0.76 0.51 0.58

Zn-CaCl2 R2 62.25*** 59.39** 67.25*** 35.86* 55.51** 52.52** 63.00** 22.80*
RSE 0.09 0.14 0.10 0.16 0.23 0.14 0.08 0.21
β0 1.72 2.07 1.99 0.59 3.24 2.33 2.18 2.71
β1 0.49 0.69 0.62 0.51 1.65 0.87 0.65 0.83

Zn-DTPA-TEA R2 87.24*** 92.32 *** 88.35*** 36.66 * 72.45*** 89.54*** 81.66*** 39.74*
RSE 0.05 0.06 0.06 0.16 0.18 0.07 0.06 0.23
β0 1.14 1.22 1.26  − 0.01 1.35 1.30 1.43 1.73
β1 0.20 0.30 0.25 0.19 0.50 0.31 0.20 0.30

Zn-WS R2 ns ns ns ns ns ns ns ns
RSE
β0

β1
Zn-NH4Ac R2 85.86*** 73.78*** 55.80** 51.14** 35.36* 58.48** 49.90** 29.24*

RSE 0.05 0.16 0.12 0.14 0.28 0.13 0.10 0.25
β0 1.38 1.57 1.52 0.23 1.87 1.65 1.66 2.08
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the release of some weakly bound trace metals into the soil 
rhizosphere (Naidu and Harter 1998).

LMWOAs is an extraction method that simulates the 
effect of acids released by plant roots in rhizospheric soil. 
These low molecular weight organic acids can dissolve Zn 
from the soil and promote its uptake by plant roots. The 
extraction procedure with LMWOAs successfully predicted 
Zn concentrations in plant shoots. Similarly, extraction with 
CaCl2 also successfully predicted Zn concentrations in plant 
shoots. CaCl2 is a neutral salt that can extract exchange-
able metals from the soil. This extraction procedure is based 
on equilibrating the soil using surplus cations (Ca2+) that 

exchange a certain amount of metal ions from soil surfaces 
by competitive adsorption without influencing the soil pH 
(Duffner et al. 2013). The models obtained with both extrac-
tion methods showed higher Zn concentrations in the dif-
ferent plant parts when the concentration of extracted Zn 
increased. The models showed that both Zn concentrations 
in plant tissues and extractable Zn concentrations in soil 
were significantly higher for acid soils than for calcareous 
soils, except for Zn concentrations in roots. This indicates 
that ZnO dissolution in the acid soil was higher than in the 
calcareous soil. Furthermore, in calcareous soils there is a 
higher demand for Zn sources than in acid soils due to both 

Table 5   (continued)

Beetroot Beta vulgaris Green pea Pisum sativum

β1 0.35 0.48 0.35 0.38 0.68 0.49 0.31 0.50
Zn-DGT R2 70.07*** 67.05** 71.18** 39.19* ns ns ns ns

RSE 0.08 0.13 0.10 0.17
β0 0.02  − 0.37 NP: − 0.11

B: − 0.26
 − 1.24

β1 0.99 1.42 1.26 1.07

Fig. 2   Linear relationships between log-transformed values of 
extractable Zn (mg Zn kg−1) and the Zn concentrations in plant tis-
sues (root, stem, leaf or edible part, mg Zn kg.−1), when particle size 
(bulk vs NP), which was considered as a categorical variable, was sig-
nificant for the intercept and/or slope. The model is represented using 

two different lines (discontinuous and continuous, for bulk and NP, 
respectively). The circles and the crosses represent the bulk and NP 
values, respectively (n = 15 and 21 for the acidic and calcareous soils, 
respectively)
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adsorption of Zn by bicarbonates and precipitation in the 
form of Zn carbonates or hydroxides (Lindsay 1979).

As for extraction methods involving complexing agents 
(EDTA or DTPA), these are frequently applied due to their 
ability to form very stable water-soluble complexes with a 
wide range of cations. However, the high concentrations 
extracted from the calcareous soil in relation to those taken 
up by the plants suggested that this method overestimated 
the available Zn in this type of soil. According to various 
authors (Almendros et al. 2020; Feng et al. 2005; Menzies 
et al. 2007), the use of DTPA-TEA as an extracting agent 
in calcareous soils is capable of extracting both the Zn 
associated with the water-soluble and exchangeable frac-
tions and that associated with the carbonate fraction. This 
Zn associated with the carbonate fraction corresponds to 
a relatively low mobility pool within the soil, thus overes-
timating the potential Zn availability for plants. Buffered 
NH4OAc salt solution forms metal acetate complexes which 
tend to prevent the readsorption of the released cations. This 
reagent is used to displace exchangeable cations in agricul-
tural soils. The patterns of Zn accumulation observed in 

both plant species were poorly explained when NH4OAc 
was used. The models obtained from the green pea crop 
showed a similar trend to that of Zn-WS, while in beetroot 
they showed a similar trend to Zn-DTPA-TEA. In a previ-
ous work, Almendros et al. (2020) obtained similar results 
in soils recently amended with engineered ZnO-NPs. In that 
experiment, Zn accumulation patterns in cherry tomato and 
common bean crop species were also poorly explained when 
buffered chemical extractions, such as DTPA or NH4OAc, 
were performed. The DGT technique takes into account the 
kinetic processes between the solid and solution phases of 
the soil, including the replenishment of metals from the solid 
phase to the solution phase. This technique successfully pre-
dicted long-term Zn bioavailability in beetroot, similar to 
LMWOAs or CaCl2. In contrast, this technique was not able 
to successfully estimate the Zn concentrations in green peas 
grown in the calcareous soil.

ZnO-NP applied before the previous crop could have 
evolved by aggregation or dissolution and re-precipitation, 
especially in acidic soils, as ZnO is highly soluble in acidic 
solutions. However, the influence of ZnO particle size (bulk 

Fig. 3   Biplot of the first two principal components of the principal component analysis (PCA) of the soil extractable Zn concentration (Zn-WS, 
Zn-DGT, Zn-CaCl2, Zn-LMWOAs, Zn-NH4Ac) and Zn concentration in the different plant tissues
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vs NPs) was evident in Zn-WS for green peas grown in 
the acidic soil and in Zn-DGT for the edible part of beet-
root grown in the calcareous soil. In the models obtained 
using the Zn-WS extraction method, the Zn concentrations 
extracted from soils amended one year earlier at the highest 
application rate were significantly lower for NP size than for 
bulk. Although zinc oxides have lower solubility constants 
than other Zn fertilizer sources, the dissolution kinetics of 
the nanoparticles may be higher due to the higher specific 
surface area of the particles. In the long term, it was pos-
sible for soil components retained the Zn from the partial 
dissolution of the ZnO-NPs through slow sorption reactions, 
and it was not extracted with the WS extraction method. On 
the other hand, if the NPs dissolve in the soil solution, they 
could pass through the diffusive layer used in standard DGT 
devices and be retained by the binder resin layer (Pouran 
et al. 2014). Consequently, the DGT technique simulates Zn 
uptake in plants with a good level of prediction, but it would 
not be able to differentiate the concentration of ZnO-NPs 
and ionic Zn. Pouran et al.(2021) reported that to differenti-
ate labile ZnO plus ionic Zn from labile ionic Zn it would be 
necessary to use the DGT technique with a 1000 molecular 
weight cutoff dialysis membrane in order to exclude the NPs.

5 � Conclusions

The LMWOAs, and the CaCl2 extraction methods and the 
DGT technique (for beetroot) could potentially be used in 
a similar way to predict long-term Zn bioavailability in the 
aerial parts (stem, leaf, and edible part) of plants from soil-
applied bulk ZnO or NPs. In contrast, the WS, DTPA-TEA, 
and NH4Ac extraction methods, and the DGT technique 
(for green pea) estimated different Zn concentrations in the 
plants for similar Zn concentration in both soils. While the 
DTPA-TEA reagent overestimated the available Zn in the 
calcareous soil, the WS extraction was not able to success-
fully predict Zn concentrations in the plant when there were 
low Zn concentrations in the soils. The NH4Ac showed two 
different trends: in green pea plants, the models were similar 
to those obtained with WS, while in beetroot, the models 
were similar to those with DTPA-TEA. Neither method cor-
rectly assessed the internal Zn concentration in the root. In 
general, the methods were also unable to estimate differ-
ent models as a function of particle size, except for WS in 
beetroot. Further research will be necessary to study the Zn 
associated with different soil fractions and to analyze pos-
sible differences that may depend on the ZnO particle size.
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