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Abstract The uptake of organic pollutants by agricul-
tural plants and their accumulation in edible parts cause
serious health problems to animals and humans. In this
study, we used carbon-rich materials, such as biochar
(BC), hydrochar (HC), and green compost (GC), to
reduce the absorption and accumulation of three pesti-
cides, imidacloprid (IMI), boscalid (BOS), and
metribuzin (MET) and two endocrine disruptors, 4-
tert-octylphenol (OP) and bisphenol A (BPA), in rocket
salad plants (Eruca vesicaria L.). After an experimental
period of 35 days, compared to unamended soil, the
addition of BC, HC, and GC significantly reduced
chemical phytotoxicity, increasing the elongation of
the aerial plant parts by 26, 25, and 39%, respectively,
whereas GC increased the fresh biomass by 21%. The
assessment of residual chemicals in both soil and plant
tissues indicated that any amendment was very effective
in enhancing the retention of all compounds in soil, thus
reducing their uptake by plants. Averagely for the five
compounds, the reduction of plant absorption followed
the trend BC > HC > GC. In particular, the presence of
BC decreased the chemical residues in the plants from a
minimum of 71% (IMI) to a maximum of 91% (OP).
The overall results obtained encourage the incorporation
in soil of C-rich materials, especially BC, to protect
leafy food plants from the absorption and toxicity of

organic pollutants of a wide range of hydrophobicity,
with relevant benefits for consumers.

Keywords Contaminant residue . Pesticide . Endocrine
disruptor . Plant uptake . Soil amendment

1 Introduction

In the last decades, plant protection products (PPPs)
have been one of the major groups of emerging organic
pollutants released in the environment causing serious
risks to human and animal health (Pavlis et al. 2010). In
several cases, PPPs have been excessively adopted in
agriculture to control crop diseases and increase food
production. Approximately, 400,000 tons of PPPs/year
are sold in the European Union (European Commission
2018) and about 3 million tons of pesticides are used
annually worldwide (Silva et al. 2019). The widespread
use of these chemicals determines the presence of unsafe
residues in the agro-ecosystems and the consequent
entrance in the food chain (Regueiro et al. 2015). From
the soil, PPPs, in particular those with low hydropho-
bicity, can move and leach in surface and underground
water bodies (Pavlis et al. 2010).

Imidacloprid (IMI) is one of the most widely used
neonicotinoid insecticides in the world and is currently
suspected to cause massive damage to bees and users
(Crossthwaite et al. 2017). The use on crops of
neonicotinoids, such as IMI, is critical because their
residues can seriously compromise the health of con-
sumers, even though the extent of the effects on human
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health has not been completely defined (Anderson et al.
2015; Lu et al. 2018). Boscalid (BOS) is a broad-
spectrum fungicide used particularly against pathogens
in specialized high-end crops, such as fruit and horticul-
tural plants (Chen and Zhang 2010). Metribuzin (MET)
is a triazinone herbicide used extensively in both pre-
and post-emergence to control broadleaf weeds and
annual grasses present in various crops (Mehdizadeh
et al. 2019). Because of the high-water solubility,
MET has been included into the group of pesticides that
have the greatest potential for leaching into groundwater
(USEPA 2003). Recently, the European Commission
has included IMI, BOS, andMET in the list of suspected
endocrine-disrupting chemicals (EDCs) (EU 2016).

Due to the current agricultural practices that make
increasing use of waste biomasses and wastewaters not
thoroughly decontaminated, in a large number of cases,
soil undergoes multiple contamination, being PPPs of-
ten co-present with other classes of contaminants, such
as EDCs. These compounds include both natural and
synthetic organic molecules that influence or inhibit,
even at low concentrations, the natural functions of the
endocrine system of animals and humans. The occur-
rence of EDCs in the environment has becomemore and
more widespread due to the increasing anthropic, agro-
industrial, and urban activity (Kudłak and Namieśnik
2008). EDCs have often been detected in soil and sur-
face and groundwater as a consequence of the discharge
of effluents from sewage sludge treatment plants (Ying
et al. 2003).

The 4-tert-octylphenol (OP), a xenoestrogen, origi-
nates by the microbial breakdown of octylphenol
polyethoxylates (OPEOs) which are surfactants used in
the formulation of different kind of products, such as
paints, detergents, and pesticides (Olaniyan et al. 2018).
It is largely present in effluents of sewage treatment
plants and can persist in the environment for a long time
because of the recalcitrance (Olaniyan et al. 2018).
Another well-known EDC is bisphenol A (BPA) that
possesses both estrogenic and antiandrogenic activity
(Geens et al. 2012). This molecule is widely used for
the production of polycarbonate and epoxy resins, flame
retardants, and many types of food and drink packaging,
such as food cans, bottle caps, and water supply systems
(Geens et al. 2012).

While the number and amount of pollutants distrib-
uted in soil has grown rapidly in the last years because of
intensive agriculture, the progressive decrease of soil
organic matter (SOM), and the consequent soil

degradation, has become one of the most relevant prob-
lems around the world. Plant growth needs healthy soil
to guarantee the global and safe food production (Koch
et al. 2013). Furthermore, the rapid increase of world
population and, consequently, anthropic activities have
generated huge quantity of wastes. The recycling and
recovery of agricultural and forestry wastes are consid-
ered the most sustainable option, especially when they
are used to improve the SOM level (Campos et al.
2020). Specialists have developed an ever-increasing
number of C-rich materials deriving from the recycling
of waste biomasses, including biochar (BC), hydrochar
(HC), and compost.

BC is a C-rich by-product obtained through the py-
rolysis of biomass and can be useful to improve soil
quality and mitigate climate changes (Lehmann and
Joseph 2015). Benefits of the application of BC to soil
include the retention of water, plant nutrients, and xe-
nobiotic compounds, such as pesticides and other pol-
lutants (Lehmann and Joseph 2015; Loffredo and
Taskin 2017; Parlavecchia et al. 2019). HC is a carbo-
naceous material produced from the hydrothermal car-
bonization of wet biomass, at temperature ranging from
180 to 250 °C, under high pressure. Physical and chem-
ical properties of HC make it suitable for remediation
purposes in contaminated environments (Taskin et al.
2019). Compost is a more traditional soil amendment
with a high content of organic carbon. Its success at
reducing the mobility of different types of contaminants
has been largely documented in the literature (Loffredo
et al. 2020; Marín-Benito et al. 2018).

When incorporated in soil, compost and, especially,
chars are able to immobilize organic xenobiotics, mod-
ulating the amount of these molecules in solution and
altering their movement and leaching (Gámiz et al.
2016; Loffredo et al. 2020). BC demonstrates high
efficiency to retain compounds like IMI (Jin et al.
2016), BOS (Mukherjee et al. 2016), MET (Loffredo
et al. 2019), OP (Loffredo and Taskin 2017), and BPA
(Hurtado et al. 2017). Although HC is generally less
effective than BC in immobilizing organic pollutants,
due to its lower specific surface and lower C content, the
presence of oxygenated functional groups and the meso-
porous structure resulting from the process make HC an
efficient sorbent of pollutants (Loffredo et al. 2019; Yu
et al. 2020).

These amendments’ behavior is essentially due to the
numerous sorption sites present on the organic compo-
nents where pollutants can be linked with bonds of
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different types and strengths. For instance, MET sorp-
tion onto BC occurs mainly through H bonds and Cou-
lombic forces and, to a lesser extent, through van der
Waals, dipole-dipole, and π-π interactions (Essandoh
et al. 2017). The carbonized phase of BC can adsorb OP
through chemical interactions involving covalent and H
bonds (Loffredo and Taskin 2017). Moreover, the hu-
mic fraction of compost presents numerous hydropho-
bic and hydrophilic sites and chemically reactive func-
tional groups (carboxylic and phenolic OH, alcoholic
OH, quinonoid and ketonic C=O, amine groups, and so
on) that are responsible for both weak and strong bind-
ing with several xenobiotics, including various phenolic
EDCs (Loffredo and Senesi 2006).

On the basis of all that, we hypothesized that the use
of soil amendments could hinder the uptake of organic
pollutants by edible plants. Therefore, we evaluated
how the addition of BC, HC, or a green compost to a
loam soil could influence the uptake of IMI, BOS,MET,
OP, and BPA by rocket salad (Eruca vesicaria L.)
plants.

2 Materials and Methods

2.1 Chemicals, Soil, Amendments, and Plant

Imidacloprid (IMI), ((2E)-1-[(6-chloropyridin-3-
yl)methyl]-N-nitroimidazolidin-2-imine) at a purity of
99.0%, boscalid (BOS) (2-chloro-N-(4′-chlorobiphenyl-
2-yl)-nicotinamide) at 99.0% purity, metribuzin (MET)
(4-amino-6-tert-butyl-3-(methylsulfanyl)-1,2,4-triazin-
5(4H)-on) at ≥ 98.0% purity, 4-tert-octylphenol (OP) at
99.5% purity, and bisphenol A (BPA) (2,2-Bis(4-
hydroxyphenyl)propane) at 99.0% purity were pur-
chased from Sigma-Aldrich S.r.l., Milano, Italy. Some
chemical properties of the compounds are reported in
Table 1. All other chemicals of extra-pure grade were
obtained from commercial sources and used without
further purification.

The loamy soil was collected from an experimental
station located at Valenzano, Italy. The soil was air
dried, and the skeletal fraction was removed by sieving
the soil with a 2-mm sieve. Some soil characteristics
were determined according to conventional methods.
Moisture was measured after heating the soil at 105 °C
overnight. The pH was measured suspending the soil in
distilled water (soil/H2O, 1:2.5, w/v). Electrical conduc-
tivity (EC) was measured by a conductivity meter

(soil/H2O, 1:2, w/v). Soil organic matter (SOM) was
determined by the mass loss on ignition method, heating
10 g of soil (dried, < 2 mm) in a muffle furnace at a
temperature of 360 °C for 2 h (Zhang and Wang 2014).
Moisture, pH, EC, and SOM of the soil were, respec-
tively, 5.0% 7.8, 0.23 dS m−1, and 51.3 g kg−1.

The BC sample was purchased from Blucomb S.r.l.,
Udine, Italy. It was obtained from grapevine pruning
residues through a process of micro-gasification at max-
imum temperature of 550 °C and a residence time of 3 h.
Some properties of BCwere 4.5%moisture, pH value of
9.9, EC value of 2.23 dS m−1, 9.9% ash, and total C
content of 755 g kg−1 (Taskin et al. 2019).

The HC sample, whose feedstock was urban pruning
residues, was provided by Ingelia Italia S.r.l., Lucca,
Italy. It was produced through hydrothermal carboniza-
tion process operating between 180 and 210 °C, pres-
sure ranging between 10 and 20 bars, and a residence
time of 8 h. A multianalytical characterization of the HC
sample is reported in Taskin et al. (2019). Some prop-
erties were 7% moisture, pH value of 6.6, EC value of
1.03 dS m−1, 12.5% ash, and total C content of
615 g kg−1 (Taskin et al. 2019).

The green compost (GC) sample was produced by
Tecnogarden Service S.r.l., Vimercate, Italy, and pro-
vided by the Italian Composting and Biogas Association
(CIC). It was obtained from the composting of wastes
from public and private greenery and residues of crops
and wood processing. GC properties were provided by
the producer and were 24% moisture, pH value of 7.8,
EC value of 1.23 dS m−1, and organic C content of
270 g kg−1.

Rocket salad (Eruca vesicaria L.) seeds were pur-
chased from Royal Seeds S.r.l., Mirandola, Italy.

2.2 Experimental Conditions

The experiments were conducted in plexiglass pots (7-
cm diameter) filled to a height of 10 cm with 380 g of
air-dried soil only or the same weight of mixtures of soil
and BC, HC, and GC (2.5% w/w), individually. The
base of the pot was closed with wire mesh and glass
wool.

All pots were initially watered to 60% of the field
capacity. After about 2 h, a mixture of IMI, BOS, MET,
OP, and BPA was incorporated in the upper soil layer
(~ 5 cm), obtaining in the whole soil a concentration of
1 μg g−1 of each compound. After 2 h, 8 rocket salad
seeds were sowed in each pot of half of the series of pots
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prepared, whereas the other half number of pots was left
without plants (bare soil). The treatments obtained were
soil, soil + BC, soil + HC, soil + GC, soil + plants, soil +
BC + plants, soil + HC + plants, soil + GC + plants, and
uncontaminated soil + plants (UC-soil). Then, a volume
of 10 mL of distilled H2O was added to each pot (with
and without seeds). During the duration of the experi-
ments (35 days), each column was added with 10 mL of
water day−1 (total volume of 350 mL). The experiments
were conducted in a climatic chamber (F.lli Della Marca

S.r.l., Roma, Italy) with 10-h photoperiod, relative hu-
midity of 60%, a temperature of 21 ± 1 °C during the
light hours and 16 ± 1 °C during the dark hours. Pots
with plants of 20-day growth are showed in Fig. 1.

2.3 Biometric Measurements

At the end of experiments, rocket salad plants were
collected, roots were rinsed with distilled water, and

Table 1 Some properties of the compounds. Data from PubChem (2020)

Compound Chemical structure
Molecular 

weight (g/mol)

Water solubility

(mg L
-1

)
log Kow

Imidacloprid 255.66 610 0.57

Boscalid 343.21 4.6 2.96

Metribuzin 214.29 1,200 1.70

4-tert-Octylphenol 206.32 3.1 5.50

Bisphenol A 228.29 300 3.32
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root and shoot lengths and fresh and dry weights (at
70 °C for 16 h) of plants were measured.

2.4 Extraction of the Compounds from Soil and Plant
Tissues

At the end of experiments, the pots were dismantled and
the soil was homogenized by mixing thoroughly. An
aliquot of 20 g of soil was taken from each sample,
added with 50 mL of methanol, and kept under mechan-
ical shaking overnight (16 h). After filtration of the
suspension, an aliquot of 20 mL of the extract was
centrifuged at 10,000×g for 10 min. Then, the superna-
tant solution was analyzed by high performance liquid
chromatography (HPLC) (section 2.5).

Previous experiments evaluated the recoveries from
the soil of the compounds at concentrations of 1 μg g−1

with the above procedure. The percentages of recovery
of IMI, BOS, MET, OP, and BPA were, respectively,
96.00 ± 3.42, 95.96 ± 1.61, 92.20 ± 1.61, 91.08 ± 2.08,
and 92.40 ± 0.71.

Extraction of the compounds from the plants was
done according to the procedure described by Ferrara
et al. (2006). Briefly, 0.3 g of dried plant mass from each
pot was added with 10 mL of pure methanol and kept
under mechanical shaking for 4 h. The suspension was
then centrifuged at 10,000×g for 10min and a volume of
5 mL of the supernatant solution was evaporated to
dryness at a temperature of 40 °C using a rotatory
evaporator. The solid residue was dissolved in a volume
of 2 mL of acetonitrile/water mixture (70:30, v/v), fil-
tered through 0.45 μm Millipore™ cellulose acetate
filters and analyzed by HPLC (section 2.5).

2.5 Analytical Measurements

Residual compounds were measured using a HPLC
apparatus equipped with a Spectra System™ pump
(Thermo Electron Corporation, San Jose, CA, USA)
and a Rheodyne® 7125 injector fitted with a 20-μL
loop. The chromatographic column was a Supelcosil™
LC-18 (250 mm× 4.6 mm× 5 μm). The mobile phase
was a mixture of water (A) and acetonitrile (B). The
elution gradient was the following: 0–1 min 60% A, 1–
4 min from 60 to 50%A, 4–8 min from 50 to 30%A, 8–
12 min from 30 to 10% A, 12–14 min 10% A. Using a
flow rate of 0.8 mL min−1, the retention times of IMI,
MET, BPA, BOS, and OP were, respectively, about 3.4,
4.0, 6.2, 9.2 and 13.6 min. The compounds IMI, BOS

and MET were detected using a Spectra System
UV6000LP™ diode array detector (Thermo Electron
Corporation, San Josè, CA, USA) at wavelengths of
269 nm, 207 nm, and 294 nm, respectively. OP and
BPA were detected using a fluorescence detector Spec-
tra SystemFL3000 (Thermo Electron Corporation, San
Josè, CA, USA) operating at wavelengths of 230-nm
excitation and 310-nm emission.

2.6 Statistical Analysis

All the experiments performed in this work were tripli-
cated. Biometric data of plants were statistically ana-
lyzed by one-way analysis of variance (ANOVA), and
the means of the treatments were compared to the con-
trol by the least significant difference (LSD) test at
0.05P, 0.01P, and 0.001P levels. Data of the residual
compounds extracted from the soil were analyzed by
two-way ANOVA, and the means were separated at
0.05P using the Duncan’s multiple range test for the
main factors and the LSD test for the interaction. Data of
residual compounds extracted from the plants were an-
alyzed by one-way ANOVA and the means separated
by the Duncan’s multiple range test at 0.05P level.

3 Results and Discussions

3.1 Plant Response to Soil Contamination

Rocket salad plants grown for 35 days in the
multicontaminated soil not amended or amended with
BC, HC, or GC did not show visual alterations, except a
delayed growth, compared to plants grown in UC-soil,
as shown in Fig. 1. Biometric data of plants grown in the
contaminated soil clearly indicated a lower root and
shoot elongation and less production of fresh and dry
biomass, compared to plants grown inUC-soil, denoting
evident toxicity of the chemicals on this plant (Fig. 2).

In previous studies, individual applications of these
compounds exerted differentiated responses by various
plant species. Stevens et al. (2007) reported that IMI did
not cause adverse effects on plant growth if applied to
pregerminated rice seeds shortly before sowing, and that
continuous exposure of seedlings to IMI could even
stimulate rice growth. Ruela et al. (2019) observed a
general positive effect of BOS on root and shoot length
and fresh weight of coffee seedlings. Sondhia (2005)
observed that MET concentrations between 0 and
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5.0 μg g−1 significantly reduced cucumber and sorghum
root and shoot growth. Patama et al. (2019) studying the
effects of the EDC OP on the flowering plant Gypsoph-
ila elegans (annual baby’s breath), found a significant
inhibition on both root and shoot elongation. Doses of
4.6 and 46 μg g−1 of BPA altered the root morphology
and reduced fresh weight of 16-day seedlings of rye-
grass and radish (Loffredo et al. 2010).

The toxicity of these compounds on rocket salad
plants was significantly reduced by the incorporation
of the amendments in the soil. In fact, compared to
untreated soil, the addition of BC, HC, and GC

increased the shoot length by 26.3, 25.0, and 39.1%,
respectively. Moreover, GC increased the fresh weight
of plants by 20.8%, whereas a reduction was produced
by soil + HC (Fig. 2). These results clearly indicate the
occurrence of plant-protective effects by these materials.
The general positive effect on plant growth can be, at
least partially, attributed to the capability of the amend-
ments to retain the molecules, as extensively reported in
the literature (Ferreira Mendes et al. 2019; Hurtado et al.
2017; Loffredo and Taskin 2017). As regards the con-
trasting effects of GC and HC on the biomass produc-
tion of this plant, we can assume that some components

UC - soil soil + BC soil + HC soil + GCsoil

Fig. 1 Pots with rocket salad
plants
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Fig. 2 Biometric data of rocket salad plants grown in uncontam-
inated soil (UC-soil) and contaminated soil only (soil, 100%) or
amended with BC (soil + BC), HC (soil + HC), and GC (soil +
GC). The vertical line on each bar indicates the standard error (n =

3). Data were statistically treated with one-way ANOVA, and the
means of the treatments were compared to the soil only by the LSD
test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001
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of HC, such as aromatic hydrocarbons, might have
caused some phytotoxic effects (Taskin et al. 2019).

3.2 Residual Contaminant in the Soil

During the 35-day plant growth, the five molecules
underwent a series of different processes in the soil,
such as uptake by plants, adsorption on the solid frac-
tion, and degradation. Considering the residual com-
pounds found in bare soil and those found in planted
soil, the important role of plants was evident in decreas-
ing soil contamination from the five molecules. Aver-
agely for the treatments, residue reduction was highly
significant (P ≤ 0.01) for each compound (Table 2).
Moreover, when the amounts of compounds removed
by plants (calculated as the difference between the res-
idue in bare soil and planted soil) were related to the
corresponding log Kow, a significant (P ≤ 0.05) inverse
correlation was found, indicating the importance of the
hydrophobic character of the molecule in the plant up-
take process. This relationship has already been evi-
denced by researchers (Jayampathi et al. 2019; Sharma
et al. 2020). However, it should be evidenced that plant
removal cannot be ascribed only to absorption, because
we assume that plant exudates might have had a role in
enhancing contaminant degradation in the rhizosphere.
In this study, it was not possible to discriminate the two
processes.

Among the five compounds, IMI was the most re-
moved by plants both in the unamended soil and, on
average, in all treatments (Table 2). That can be reason-
ably attributed to the very low hydrophobicity of this
molecule that may easily move in the soil solution, enter
the rhizosphere and be absorbed by the root system with
the water flow. In soil + plants treatments, compared to
the unamended soil, the addition of BC and HC signif-
icantly (P ≤ 0.01) increased the percentage of IMI found
in the soil, denoting a noticeable retention of this mol-
ecule in amended soil that contrasted plant absorption
(Table 2). Liu et al. (2006) reported that IMI sorption in
soil increased with the increasing of SOM content.
Studying the effects of BC addition on the adsorption
of a mixture of pesticides in soil, including IMI, Jin et al.
(2016), demonstrated the direct relationship between the
dose of the amendment and the quantity of mixture
adsorbed. The authors attributed that to the increased
content of total C in the soil. In our study, GC addition
did not significantly increase residual IMI in planted
soil, suggesting either a low capacity of GC to retain

IMI or an increased degradation promoted by GC.
Recently, Kumari et al. (2018) proved the moderate
capability of a mixture of compost and peat to adsorb
IMI.

Residual BOS in bare soil was significantly (P ≤
0.01) reduced by the addition of BC and GC, indicating
a role of these materials in the degradation process of
this molecule in soil (Table 2). These results are in

Table 2 Effects of treatment, plants, and their interaction on the
percentage of compound found after 35 days in the soil, compared
to the initial amount added (100%)

Treatment Bare soil Soil + plants Average

IMI; 0.05P = 5.9a

Soil 76.9 43.2 60.1 b

Soil + BC 76.8 60.0 68.4 a

Soil + HC 77.4 61.6 69.5 a

Soil + GC 71.0 48.3 59.7 b

Average 75.5 a 53.3 b

BOS; 0.05P = 4.5

Soil 77.7 57.8 67.8 a

Soil + BC 71.5 63.1 67.3 a

Soil + HC 73.5 66.5 70.0 a

Soil + GC 68.1 53.6 60.9 b

Average 72.7 a 60.3 b

MET; 0.05P = 8.9

Soil 77.5 46.3 61.9 b

Soil + BC 75.0 62.9 69.0 a

Soil + HC 71.1 58.6 64.9 ab

Soil + GC 69.5 47.7 58.6 b

Average 73.3 a 53.9 b

OP; 0.05P = 6.2

Soil 78.1 65.7 71.9 bc

Soil + BC 81.1 79.9 80.5 a

Soil + HC 76.3 73.0 74.7 b

Soil + GC 71.8 62.6 67.2 c

Average 76.8 a 70.3 b

BPA; 0.05P = 5.3

Soil 77.2 65.2 71.2 b

Soil + BC 76.7 74.0 75.4 a

Soil + HC 74.7 73.3 74.0 ab

Soil + GC 66.5 64.9 65.7 c

Average 73.8 a 69.4 b

Note: Data were statistically treated with two-way ANOVA, and
significant differences between means are shown by different
letters according to the Duncan’s multiple range test at P ≤ 0.05
a LSD for the interaction treatment × plants at P ≤ 0.05 (n = 3)
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agreement with those previously obtained by other re-
searchers (Mukherjee et al. 2014, 2016). On the other
hand, in planted soil, BC and HC reduced the amount of
BOS removed by plants, possibly because of the marked
retention of BOS by the two materials that counteracted
plant uptake (Table 2). Mukherjee et al. (2016) showed
that the addition to the soil of a biomixture containing
BC increased the sorption of BOS.

The presence of plants reduced residual MET in all
treatments of soil. On the other hand, the addition of the
amendments did not affect significantly residualMET in
bare soil, indicating that these materials did not influ-
enced the degradation of this molecule in soil (Table 2).
This is in contrast with what was reported by
Mehdizadeh et al. (2019), who found that a green com-
post could promote the decay of this herbicide in soil,
mostly thanks to the stimulation of degrading microbes.
Benoit et al. (2007) studied the pathways of MET dis-
appearance in soil and concluded that biodegradation
was the foremost process. The presence of BC and HC
favored the permanence of MET in planted soil, indi-
cating their role in the retention of this compound in soil
and the negative effects on plant removal (Table 2). The
relevant sorption potential of BC towards MET has
recently been demonstrated (Loffredo et al. 2019).

In bare soil, only the addition of GC significantly
reduced the residual OP, indicating that this amendment
promoted the degradation of OP, possibly stimulating
microbial activity. Loffredo et al. (2016) demonstrated
the noticeable capacity of ligninolytic fungi to degrade
OP. The presence of plants significantly changed the
quantity of OP residues in soil, compared to bare soil
(Table 2). In the treatments with plants, maximum OP
residues were found in soil + BC and soil + HC. This
finding might be ascribed to both the retention of OP by
the materials, that competed with root uptake, and the
lesser availability of root exudates. In fact, less polar
components of root exudates, such as phenolic acids,
might have been adsorbed by the materials and therefore
be less available for soil-resident microorganisms. The
strong sorption capability of BC towards OP was previ-
ously demonstrated by Loffredo and Taskin (2017).

The behavior of BPA in both bare and planted soil
was very similar to that of OP. Therefore, all the
considerations done for OP can be extended also to
this molecule. Results obtained for BPA were in
agreement with the findings of Xu et al. (2015) who
found that BC reduced BPA mobility in soil but did not
affect its degradation. As by Shi et al. (2019), the

retention and transport in soil of BPA is strictly related
to the level of SOM. Hurtado et al. (2017) demonstrated
that the addition of BC to soil increased the retention
capability of BPA, and that, enhancing BC dose in soil
from 2.5 to 5%, the retention of this compound in-
creased by 50%.

3.3 Accumulation of the Compounds in the Plant

Based on the results of residual compounds in bare and
planted soil, it was expected that the plants did not only
absorbed the contaminants but also accumulated them in
their tissues. The amounts of residual compounds ex-
tracted from the plants of the various treatments after 35-
day growth are shown in Table 3. In all treatments with
the amendments and for all the molecules examined, the
amount of compound accumulated in the plants was
significantly (P ≤ 0.05) lower than that accumulated in
plants grown in unamended soil (Table 3). These results
evidenced the important role of the amendments in
contrasting the uptake and accumulation of contami-
nants in plant tissues.

When the soil was added with BC, HC, and GC,
individually, residual IMI present in rocket salad was,
respectively, 28.7, 53.0, and 60.1% of IMI accumulated
in plants grown in unamended soil. These results clearly
indicated that the relevant retention of the molecules by
the three amendments greatly attenuated the uptake and
accumulation of IMI by the plants, in the order BC >HC
> GC. Sur and Stork (2003) reported that the uptake of
IMI by plants, after seed dressing or direct application to
soil, depended on the plant species, being lower in rice
(4.5%) and cotton (4.9%) and higher in corn (20.0%). In
our study, the amount of IMI removed by rocket salad in
the unamended soil was more than 30% (Table 2), in-
dicating a considerable susceptibility of this plant to
absorb this contaminant from the soil. Consequently,
any treatment able to attenuate the plant uptake of IMI
is very important for the security of this leafy plant. The
percentage of IMI accumulated in plants, compared to
that removed from the soil, was significantly lower for
all treatments, compared to unamended soil, in the order
soil + BC = soil + HC < soil + GC (Table 4). This
finding suggested that these materials, in addition to
influencing plant absorption, might also have affected
the rate of transformation of IMI by plants. Further
studies could elucidate this aspect.

In general, the fungicide BOSwas absorbed by plants
to a lesser extent than IMI, and its accumulation was
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significantly reduced by all amendments, especially BC
(Table 3). No significant (P ≤ 0.05) difference was
observed in soil + HC and soil + GC treatments. The
individual presence of BC, HC, and GC reduced the
presence of BOS in the plants by 82.3, 51.22, and
42.6%, respectively, compared to unamended soil. Jeon
et al. (2014) reported very low uptake rates of BOS in
Korean cabbages. Compared to soil only, in all treat-
ments, the percentage of residual BOS in plants, with
respect to that removed from the soil, was significantly
lower (Table 4). Also for this molecule, it seemed that
the addition of the materials to the soil somehow stim-
ulated the transformation of the compound into the plant
tissues.

All soil amendments reduced the amount of MET
found in rocket salad tissues. This effect was more
pronounced for soil + BC and less for the other two
treatments which did not differ statistically from each
other. Compared to untreated soil, residual MET in
plants grown in soil amended with BC, HC, and GC
was reduced by 74.8, 48.3, and 42.6%, respectively
(Table 3). The percentage of MET accumulated in the
plant mass, compared to the quantity removed from soil,
was significantly lower when soil was added with the
amendments (Table 4). This suggests that the addition
of all the materials influenced the metabolization of
MET by plants.

The OP was the molecule less abundant in rocket
salad in all treatments (Table 3). The hydrophobic char-
acter of this compound must have played an important
role in reducing its mobility both in soil and in plants. A
relevant reduction of residual OP in the plants was
observed in soil + BC treatment, and a lesser effect with
the other two amendments without any significant dif-
ference between them. The amendment of soil with BC,
HC, and GC significantly reduced the residual OP in the

plants by 90.6, 53.2, and 49.4%, respectively. Similarly
to what was observed for the other compounds, plant
metabolization of OP seemed to be influenced by the
addition of the materials, with the lower percentage of
OP accumulated in soil + BC treatment (Table 4). Un-
fortunately, in literature, there are no data concerning the
effects of soil amendment on the accumulation of MET
and OP in plant tissues.

The amount of BPA accumulated in the plants was
quite low, compared to pesticides accumulation, espe-
cially in the cases of IMI and MET. A very limited
amount of residual BPA (11.46 μg g−1) was detected
in the plants grown in soil + BC treatment (Table 3).
That might depend on the high hydrophobicity of this
molecule that made plant uptake more difficult. Any-
how, residual BPA in rocket salad plants was signifi-
c a n t l y r e d u c e d b y t h e a d d i t i o n o f a n y
amendment (Table 3). In fact, compared to untreated
soil, BPA percentage found in the plants decreased to
85.6, 52.8, and 43.7% in the presence of BC, HC, and
GC, respectively. As already observed for BOS, MET,
and OP, the effects produced by the addition of HC and
GC to the soil were very similar and statistically not
different (Table 3). It is conceivable that if on the one
hand HC retained the compounds in the soil to a greater
extent than GC, on the other hand, GC might have
stimulated the degradation activity of microorganisms
more than HC. Both of these effects were effective,
probably to a similar extent, in reducing the amount of
contaminant absorbed and accumulated in the plants.
Our results are in agreement with those of Hurtado et al.
(2017) who found that BPA absorption by lettuce plants
decreased with increasing amounts of BC added to the
soil. Comparing the residual BPA in plant tissues to that
removed by the plants from soil, it was evident that the
amendments influenced not only the quantity of BPA

Table 3 Amounts (μg per g of dry plant mass) of residual compounds extracted from rocket salad plants after 35-day growth

Compound Soil Soil + BC Soil + HC Soil + GC

IMI 178.39 ± 0.86a a 51.17 ± 1.32 d 94.56 ± 2.71 c 107.24 ± 4.01 b

BOS 88.63 ± 1.89 a 15.69 ± 1.89 c 45.23 ± 2.00 b 50.86 ± 0.91 b

MET 142.55 ± 4.60 a 35.98 ± 2.79 c 73.73 ± 2.00 b 81.87 ± 1.70 b

OP 53.08 ± 1.45 a 5.01 ± 0.23 c 24.85 ± 1.79 b 26.87 ± 0.48 b

BPA 69.73 ± 2.09 a 11.46 ± 0.87 c 32.93 ± 1.85 b 39.28 ± 1.64 b

Note: Data were statistically analyzed by one-way ANOVA, and significant differences between means of each row are shown by different
letters according to the Duncan’s multiple range test at P ≤ 0.05
a Standard error of the mean (n = 3)
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removed but possibly also the rate of metabolization of
this compound by plants (Table 4). Unfortunately, no
information is present in the literature on this matter.

Finally, when residual compounds accumulated in
the plants of the various treatments (data in Table 3)
were related to the corresponding log Kow of the mole-
cules, significant inverse correlations were obtained for
soil (r = − 0.953), soil + BC (r = − 0.947), soil + HC (r =
− 0.947), and soil + GC (r = − 0.960), indicating the
crucial role of the contaminant hydrophobicity in the
accumulation of residues in the plant.

4 Conclusions

Results obtained indicated that the addition to soil of
BC, HC, and GC increased the overall sorption capabil-
ity of the soil towards all the five compounds considered
in this study, with a consequent drastic reduction of the
bioavailability of the molecules. Consequently, the
amount of the compounds absorbed and accumulated
in plant tissues decreased noticeably with soil amend-
ment. Among the three materials tested, BC demonstrat-
ed the best efficacy in contrasting plant uptake of any
compound, followed in order by HC and GC. The
fraction of the compound accumulated by plants, with
respect to that removed from the soil, seemed to be
influenced by the amendment adopted, indicating a role
of these materials also in the transformation of the
contaminants by the plant. The hydrophobic character
of the molecule played a crucial role in the plant uptake
and accumulation, with the least polar compound being
the least accumulated.
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