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Abstract: Biochar has recently aroused great interest for the restoration of contaminated soils since
it improves soil properties and induces the immobilization of pollutants. This study evaluates the
use of biochar from plant pruning, applied as an amendment, for immobilizing metal(loid)s in a
highly contaminated soil as well as for reducing the phytotoxicity of these pollutants by promoting
natural revegetation. For this purpose, a bioassay with Trifolium pratense L. was used to test the
effectiveness of the soil amendment in greenhouse conditions. Three treatments were carried out
including soil contaminated with metal(loid)s (RA), and this soil was amended with biochar at
different dosage: 4% (RA4B) and 8% (RA8B). A non-contaminated soil (NC) from a nearby area not
affected by contamination was used as a control. The results show that biochar increased soil pH
by several units depending on the dose used, 8% being the most effective one. Biochar treatments
also reduced soluble and bioavailable forms of Zn and Cu. Likewise, phytotoxicity was significantly
reduced, promoting seed germination and biomass with plant growth values similar to the non-
polluted soil. In light of the results obtained, the evaluation of the bioremediation potential of biochar
under field conditions can be considered.

Keywords: biochar; phytotoxicity; metal immobilization; Trifolium pratense; soil bioremediation

1. Introduction

Soil pollution has become a great concern all over the world, and is considered the
third threaten for the soil function by the Intergovernmental Technical Panel on Soils [1].
The main sources of organic and inorganic pollutants are related to industrial, urban, and
agricultural activities. In the last few decades, mining has become the primary entrance
of metal(loid)s into the environment with important harmful implications for human
health [2] due to the immobile nature of these compounds and the lack of biodegradation
processes, which makes them highly persistent pollutants [3]. In this context, there is
an increasing interest in new and sustainable solutions for the prevention, mitigation, or
remediation of soil contamination caused by metal(loid)s [4]. Assisted natural remediation
(ANR) is a novel concept that consists in enhancing natural processes by, for example,
adding to the soil amendments that favor the immobilization of contaminants and the
improvement of soil properties [5], and therefore promoting the natural restoration of
vegetation. Calcium carbonate, iron, and organic matter rich amendments are the most
used to reduce metal(loid)s mobility and toxicity by precipitation, complexation, and
adsorption, with proved and high efficiency at field scale [6,7].

Biochar is a carbon rich material obtained from the pyrolysis of organic wastes at low
temperatures (from 400 to 700 ◦C) under O reducing conditions [8]. This process stabilizes
the organic carbon and makes it more resistant to chemical and biological degradation [9].
Biochar is characterized by its high content of aromatic compound, high porosity, and
surface area [9]. It can be produced from different biomasses such as agro-industrial,
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forestry and urban wastes, manure, and sewage sludge [10]. The pyrolysis conditions
and the nature of the biomass determine the physical and chemical properties of the
biochar [11–13]. The main and most spread application of biochar is as soil amendment [9],
since it improves the physical and chemical soil properties and consequently the crop
yield [14,15]. Biochar has been shown to increase the carbon holding capacity of soils,
reduce the emission of greenhouse gases [9,16,17], promote the soil permeability and the
water holding capacity [15], favor the liming of acid soils [14], and supply essential nutrients
such as phosphorous [18,19]. In addition, several studies indicated the ability of biochar
to immobilize organic and inorganic contaminants, decreasing their bioavailability and
toxicity [20,21]. The adsorption capacity of biochar is a consequence of its porous structure
and the presence of different surface functional groups [22,23]. Besides adsorption capacity,
biochar can increase pH values in acid soils and has high cationic exchange and buffer
capacity [11,24]. These features make biochar a feasible amendment for contaminated
soils, especially for those with metal(loid)s [6,25]. Different studies analysed the different
mechanisms that govern the sorption of metal(loid)s into biochar depending on the type of
elements and the biochar and soil properties [26–28]. However, more information is still
needed to determine efficiency of biochar application in soil remediation practices.

In this study we explore the effect of biochar as an organic amendment to immobilize
metal(loid)s and promote the vegetation restoration of a highly contaminated soil from the
Guadiamar Green Corridor (Seville, Spain), an area affected by the Aznalcollar’s pyrite
mining spill where residual pollution is still detected more than twenty years after the
accident [29] due to the oxidation of the remaining tailing in the soil. For this purpose, a
pot experiment under greenhouse conditions was carried out. The total concentration of
metal(loid)s and their soluble and bioavailable fractions were analyzed in amended and
non-amended soil to assess the effect of biochar on metal(loid)s mobility and bioavailability.
Phytotoxicity to Trifolium pratense was also evaluated. Germination rate, root and shoot
biomass, and plant uptake were measured to infer the changes in metal(loid)s phytotoxicity
caused by the addition of biochar to contaminated soil.

2. Materials and Methods
2.1. Soils and Biochar

Two soils were used for this study: a soil with high concentration of metal(loid)s (RA)
to be amended and a non-contaminated soil (NC) used as control.

The RA soil was collected from the area known as Guadiamar Green Corridor
(37◦29′42′ ′ N 6◦13′12′ ′ W), near to the pyrite mine of Aznacóllar (Seville, Spain) (Figure 1A),
where highly metal(loid)s contaminated soils exist due to the mining accident which
occurred in 1998 [30]. Despite the efforts for restoring the area, metal(loid)s contamination
persists more than 20 years after the accident. This soil is classified as eutric Regosol [31]
and characterized by the absence of vegetation (Figure 1C) due to the presence of residual
pollution [29,32].
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Figure 1. (A) Satellite image of the nearest area to Aznalcollar’s mine in the Guadiamar Green Corri-
dor (Seville, Spain). The light spots in the left image (A) represent highly contaminated soils. White
squares indicate the sampling sites of the two soils used in this study. (B) Non contaminated soil (NC).
(C) Soil contaminated with metal(loid)s (RA).

The NC soil was collected from an area close to the mining spill but non-affected by
metal(loid)s contamination (37◦30′00′ ′ N 6◦13′11′ ′ W) (Figure 1A). This soil is classified
also as eutric Regosol and covered with vegetation as seen in Figure 1B.

Soil samples were collected from the surface layer (0–10 cm) using the methodology
described in Aguilar et al. [33]. Briefly, five soil subsamples from a square area of 1 × 1 m
were obtained, one subsample from each vertex and one from the center of the square. The
subsamples were homogenized by manual mixing and then, sieved through 2 mm sieve
to obtain a representative sample of each soil. The main soil properties, pH, electrical
conductivity (EC) and organic carbon (OC) content of the two soils and their total content
of different metal(loid)s were analyzed (Table 1).

Table 1. pH, electrical conductivity (EC), organic carbon (OC) content and total content of dif-
ferent metal(loid)s in non-contaminated (NC), metal contaminated (RA) soils, biochar (BS), and
contaminated soil amended with 4% (RA4B) and 8% (RA8B) of biochar (mean ± standard error).

RA NC BS RA4B RA8B

pH 3.67 ± 0.02 7.86 ± 0.02 9.83 ± 0.02 4.75 ± 0.06 5.69 ± 0.12

EC (dS/m) 3.49 ± 0.02 0.69 ± 0.01 1.39 ± 0.01 3.20 ± 0.03 3.28 ± 0.03

OC (%) 0.51 ± 0.03 0.51 ± 0.04 82.50 ± 0.01 3.81 ± 0.04 7.11 ± 0.05

Pb (mg/kg) 446.55 ± 7.51 103.85 ± 0.63 1.88 ± 0.33 463.00 ± 7.64 473.93 ± 34.73
As (mg/kg) 244.56 ± 1.49 28.50 ± 0.77 0.05 ± 0.02 246.34 ± 2.14 232.96 ± 9.92
Zn (mg/kg) 161.15 ± 0.77 189.44 ± 3.71 16.84 ± 1.57 172.84 ± 2.15 166.80 ± 2.78
Cu (mg/kg) 112.17 ± 4.92 83.65 ± 1.99 10.28 ± 0.32 133.18 ± 2.77 110.54 ± 1.31

The biochar (BS) was supplied by Swiss-biochar (Belmont-sur-Laussanne, Switzerland)
and was elaborated from the pyrolysis of oak pruning at 650 ◦C. The specific surface area
of the biochar was 250–350 m2 g−1. Other physical and chemical properties of the biochar,
determined as described below, are included in Table 1. The biochar was ground and sieved
by 500 µm before use.
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2.2. Bioassay with Trifolium pratense

A short-term pot experiment was conducted in the greenhouse to evaluate the effect
of biochar on the bioavailability and phytotoxicity of metal(loid)s in the contaminated soil.
Three treatments with RA soil were prepared by adding biochar at different doses: 0 (RA),
4 (RA4B) and 8% (RA8B) of biochar. The mixture of soil and biochar was homogenized by
manual agitation. In addition, another treatment with non-amended unpolluted soil (NC)
was used as a control. The main physical and chemical properties of the amended soil were
included in Table 1.

Each treatment was placed in a plastic tray and incubated at 60% of its water holding
capacity during one week. Thereafter, an aliquot of 400 g of each soil was placed in 12 cells
pot-in-frame. For each treatment, 12 pot replicates were prepared (i.e., 144 cells in total).
In each cell, five seeds of Trifolium pratense were placed at 0.5 cm depth. The moisture
content of the samples was adjusted to 60% of their water holding capacity. Then, samples
were placed in the greenhouse at natural sunlight and temperature between 10 and 35 ◦C.
Moisture content was maintained by weighing and adding distilled water when necessary.

After two months, soil samples for each pot were air dried at room temperature,
sieved through a 2 mm sieve, and stored at 4 ◦C before analysis. Plants of each pot were
collected and divided in root and shoot, thoroughly washed with distilled water, and dried
in an oven (Memmert 100–800, Memmert GmbH, Schwabach, Germany) at 70 ◦C for 48 h.
Thereafter, the root and shoot biomass was weighted in a precision weighing balance (Gram
precision STA-310S, Gram group, Barcelona, Spain). Finally, to obtain data on metals plant
uptake, root and shoot biomass were attacked by acid digestion and measured in ICP-OES
as described below.

2.3. Sample Extraction and Analysis

Electrical conductivity (EC) and pH analyses were carried out following official
methods [34]. Both parameters were measured in a 1:2.5 soil: distilled water ratio with a
pH/conductometer (Metrohm AG, Herisau, Swiss) at the initial (t0) and final (tf) time of
the bioassay.

For the metal(loid)s analysis, only As, Pb, Cu, and Zn were considered since a pre-
vious study indicated those were the most dominant metal(loid)s in the contaminated
soil studied [32]. A portable X-ray fluorescence analyzer (NITON XL3t-980 GOLDD+,
ThermoFisher, Waltham, MA, USA) was used for directly measuring the total concentration
of each metal(loid) in finely ground soil samples.

To extract the metal(loid)s soluble fraction, soil was mixed with distillated water
at a 1:2.5 ratio and agitated in an end-over-end shaker overnight. Then, samples were
centrifugated at 3000 rpm for 10 min and 5 mL of the supernatant were added with
0.2 mL of nitric acid following the protocol described in Sposito et al. [35]. Samples were
kept at 4 ◦C until analysis.

The extraction of the metal(loid)s bioavailable fraction was carried as described by
Quevauviller et al. [36]. Briefly, soil samples (5 g) were mixed with EDTA (50 mL) 0.05 M
and pH = 7 and the mixture was agitated in an end-over-end shaker for 1 h. Then, samples
were centrifugated at 3000 rpm for 10 min and the supernatant kept at 4 ◦C until analysis.

The extracts containing soluble and bioavailable fractions were analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS, PE SCIEX ELAN-5000, Perkin Elmer Inc.,
Walthman, MA, USA). The ICP method precision was evaluated by the six repetitive analysis
of the reference material SRM 2711. The average recovery of the reference material ranged
from 91 and 105% for the metal(loid)s studied [32].

To determinate metal(loid)s concentration in shoot (SC) and root (RC) biomass the
protocol used was based on EPA METHOD 3050B (successive attacks with nitric acid
and hydrogen peroxide) [37], and then the extracts were analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES).
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2.4. Plant Germination and Growth Indicators

To analyze the effect of the soil treatments on the plant germination and growth,
different indicators were used. Two weeks after sowing, the germination rate (Ge) in each
pot was calculated as the number of germinated seeds in relation to the total number of
seeds sowed and expressed as percentage. At the end of the experiment (two months), the
plant survival (PI) was calculated as the number of plants at final time in relation to the
total number of seeds sowed and expressed as percentage. The survival rate was calculated
as the percentage of PI in relation to Ge.

In relation to plant growth the following indicators were calculated: (i) plant coefficient
(Pc), calculated by the ratio between shoot biomass to total biomass; (ii) root coefficient (Rc)
calculated by the ratio between root biomass to total biomass; (iii) and shoot/root ratio
(PR), the ratio between the aboveground biomass to the belowground biomass.

In all cases, biomass refers to dry weight (mg) and total biomass was calculated as the
sum of root and shoot biomass.

In relation to plant uptake of metal(oid)s, metal shoot concentration (SC) was calcu-
lated as the amount of metal (mg) measured in shoot tissue divided by shoot biomass (kg).
Similarly, metal root concentration (RC) was calculated as the amount of metal (mg) mea-
sured in roots divided by shoot biomass (kg). SC/RC coefficient was calculated in order to
evaluate the metal traslocation potential. The bioaccumulation factor (BAF) was calculated
by dividing metal(loid)s concentrations in plants (mg kg−1 dry weight) by bioavailable
fraction (extracted by EDTA) in all treatments (mg kg−1 dry soil) as described in García
Carmona et al. [38].

2.5. Statistical Analysis

Descriptive statistics were calculated from each measurement. The data were analyzed
to verify normality and homoscedasticity through graphical exploration of the residuals [39].
If the requirements were fulfilled, significance of differences between treatments was
analyzed by the one-way analysis of variance (ANOVA) test. Tukey’s test was used to find
means that were significantly different from each other at a confidence level of 95%. If the
requirements were not fulfilled, two non-parametric analyses (Kruscal-Wallis and Mann
Whitney-U tests) were used for comparison purposes. Spearman’s correlation analysis was
conducted to analyse the relationships among soil properties, metal(loid)s forms, and plant
growth variables. In addition, a principal component analysis was carried out to stablish
the relation between the different variables studied and thus, determine the soil properties
and the metal(loid)s that affect plant toxicity.

All of the statistical analyses were conducted at a 95% confidence level using
SPSS 24.0 (IBM Corp., New York, NY, USA) and the software R 4.0.3 (R Core Team,
Los Angeles, CA, USA).

3. Results
3.1. Effects of Biochar on Soil Properties

The NC soil showed neutral pH values (7.86 ± 0.02) and low EC (0.69 ± 0.01 dS m−1),
while the RA soil had acidic pH (3.67 ± 0.02) and high EC (3.49 ± 0.02 dS m−1) at the initial
time of the experiment (Table 1).

The addition of biochar to soil increased the soil pH and decreased soil EC (Figure 2).
The values of pH increased with the biochar dosage. Thus, pH values were 3.81 ± 0.01,
4.40 ± 0.01 and 5.41± 0.01 for RA, RA4B, and RA8B, respectively. In contrast, no significant
differences were observed between EC values of amended soils (RA4B and RA8B), which
reflects the absence of influence of the dose of biochar on the soil EC. Moreover, the EC of
amended RA soil is still five times higher than that of the NC soil (Figure 2).
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Figure 2. pH and electrical conductivity (EC, dS/m) of non-contaminated soil (NC) unamended
contaminated soil (RA) and RA soil amended with biochar at 4% (RA4B) and 8% (RA8B) at the
final time of the experiment. Error bars represent the standard deviation. Different letters for each
parameter represent statistically significant differences (p < 0.05) according to Tukey’s post-hoc test.

3.2. Effects of Biochar on Metal(loid)-Mobility

High concentrations of metals are present in the contaminated soils compared to
the uncontaminated soil tested (Table 1). The total concentration of metals present in
the analysed soils does not vary significantly between the beginning and the end of the
experiment, since it is a closed-box experiment carried out for a limited period. However,
differences in the content of the different form of metal(loid)s analysed were observed
between treatments.

Soluble and Bioavailable Forms

Distribution of the soluble and bioavailable forms of the metal(loid)s varied between
RA and NC soils depending on the element studied. Thus, concentration of the soluble and
bioavailable forms of As and Pb were lower in RA than in NC, unlike Zn and Cu which
showed higher concentrations in RA, especially in the case of the soluble Zn (Table 2).

Table 2. Soluble (_s) and bioavailable (_b) metal(loid) s content (mean ± SE) in the non-contaminated
soil (NC), in the unamended contaminated soil (RA) and in soil amended with biochar at 4% (RA4B)
and 8% (RA8B) at the end of the experiment. Different letters indicate significant difference (p < 0.05)
between treatments according to Tukey’s post-hoc test.

RA RA4B RA8B NC

Pb_s (µg/kg) 0.54 ± 0.27 a 0.88 ± 0.62 a 0.27 ± 0.18 a 16.53 ± 3.84 b
As_s (µg/kg) 4.83 ± 0.29 a 6.33 ± 1.99 a 5.57 ± 2.76 a 6.67 ± 0.25 a
Zn_s (mg/kg) 5.37 ± 0.17 d 3.39 ± 0.06 c 0.41 ± 0.01 b 0.02 ± 0.01 a
Cu_s (mg/kg) 0.33 ± 0.02 c 0.07 ± 0.01 b 0.02 ± 0.01 a 0.02 ± 0.01 a

Pb_b (µg/kg) 31.50 ± 1.09 a 40.50 ± 2.35 b 59.92 ± 5.03 c 6063 ± 63.12 d
As_b (µg/kg) 57.42 ± 0.66 a 56.92 ± 1.30 a 94.58 ± 2.35 c 84.17 ± 0.78 b
Zn_b (mg/kg) 8.97 ± 0.40 d 6.96 ± 0.18 c 4.19 ± 0.06 b 3.26 ± 0.04 a
Cu_b (mg/kg) 6.01 ± 0.06 d 5.27 ± 0.05 b 5.64 ± 0.03 c 2.64 ± 0.03 a

In the amended soils, the soluble fraction of Zn significantly decreased with respect to
the unamended contaminated soil, especially in the 8% treatment where it dropped up to
13-fold. The bioavailable fraction of Zn in the amended soils also decreased significantly
with respect to the RA, dropping by half in RA8B, thus reducing its potential toxicity
(Table 2). In both cases, however, soluble and bioavailable concentrations were higher
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than in NC. In the case of Cu, its concentration decreased significantly both in the soluble
fraction, where RA8B treatment reached similar values to the non-contaminated soil, and in
the bioavailable fraction, although to a lesser extent since concentrations in RA8B treatment
were higher than NC. In contrast, the soluble fraction of Pb showed no significant differ-
ences between amended and contaminated soil, while the bioavailable fraction increases
with the percentage of amendment. However, the highest values of mobile forms of Pb
were found in the non-contaminated soil. In the case of As, the soluble fraction did not
show any significant difference between RA, RA4B, and RA8B (or with NC). However, the
bioavailable fraction showed no differences between RA and RA4B, with lower content
than the NC, but increased in the RA8B treatment, even exceeding the concentration present
in NC (Table 2).

3.3. Plant Response
3.3.1. Plant Germination

The germination of Trifolium pratense in the unamended contaminated soil (RA) was
four times lower than that of the unamended soil (NC) used as a control (Figure 3).
In RA soil, the rate of the number of plants that grew two months after sowing (Pl) was
lower than the germination rate (Ge) observed at two weeks, although the difference was
not significant. This decrease indicates that during this period there was either no new
germination and some plant died or the rate of new germination was lower than the
death rate.
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Figure 3. Germination rates (Ge) at two weeks and rate of number of plants present at the end of
the experiment (Pl) in the uncontaminated soil (NC), in the unamended contaminated soil (RA)
and in RA soil amended with biochar at 4% (RA4B) and 8% (RA8B). Error bars represent standard
deviation. Different letters indicate significant differences (p < 0.05) between treatments by Tukey’s
post-hoc test.

The addition of biochar to the contaminated soil resulted in a significant increase
in the germination rate in the RA4B and RA8B treatments with respect to RA, with no
significant differences between the doses of amendment applied (Figure 3). Incubation time
did not affect plant performance. In fact, the number of plants two months after sowing
did not vary with respect to the initial germination in the soil amended with 4% (RA4B)
and 8% (RA8B) biochar, suggesting that the treatments did not condition plant survival.

At the end of the experiment, no significant differences in the number of live plants
were observed between the NC soil and the RA soil amended with biochar, irrespective
of the amendment dose (Figure 3). Indeed, in NC, RA4B, and RA8B the survival rate of
Trifolium pratense varied between 94 and 98% while in RA it was 70%.
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3.3.2. Plant Biomass

The total biomass of the plants that grew in RA soil was significantly lower than the
biomass in NC soil (Figure 4A).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 20 
 

The total biomass of the plants that grew in RA soil was significantly lower than the 

biomass in NC soil (Figure 4A). 

The addition of biochar to contaminated soil significantly increased total plant bio-

mass compared to unamended contaminated soil (Figure 4A). The plant biomass in-

creased with the biochar dosage. Thus, the addition of 4 and 8% of biochar increased the 

total biomass 16 and 22-fold, respectively, both with respect to the unamended contami-

nated soil (Figure 4A), although this parameter remained below the values measured in 

NC (58.76% and 43.64% for RA4B and RA8B, respectively). 

  

Figure 4. Values of total biomass (A) and biomass of the aerial part and roots (B) of Trifolium pratense 

in the tested treatments (RA, unamended contaminated soil; RA4B and RA8B, contaminated soil 

amended with 4 and 8% of biochar, respectively; and NC, non-contaminated soil). Error bars repre-

sent standard deviation. Different letters indicate significant differences between treatments (p < 

0.05) according to Tukey’s post-hoc test. 

When comparing the aerial and root biomass of the amended soils, it can be observed 

that the increase in the amendment doses did not significantly modify the aerial biomass 

but it did increase the root biomass more than two times in the 8% treatment in relation 

to the 4% treatment (Figure 4B). However, shoot and root biomass in RA8B remains below 

(45% and 40%, respectively) the values in NC. 

The values of the calculated growth indicators confirm the higher efficacy of the 8% 

biochar treatment compared to the 4% treatment (Table 3). Thus, the growth indicator 

values (Pt, Rt, and PR) for RA4B did not differ significantly from those for RA, unlike 

RA8B, which showed significant differences for the three coefficients analyzed in relation 

to RA and similar values to NC soil. 

Table 3. Growth indicators (Pt, aerial/total biomass; Rt, root/total biomass; and PR, aerial/root ratio) 

of Trifolium pratense in the non-contaminated soil (NC), in the unamended contaminated soil (RA) 

and in RA soil amended with biochar at 4% (RA4B) and 8% (RA8B). Growth indicators were calcu-

lated two months after planting. Different letters indicate significant differences (p < 0.05) between 

treatments according to the post-hoc Tukey test. 

 RA RA4B RA8B NC 

Pt 0.79 ± 0.07 b 0.81 ± 0.01 b 0.65 ± 0.01 a 0.67 ± 0.01 a 

Rt 0.18 ± 0.02 a 0.19 ± 0.01 a 0.35 ± 0.01 b 0.33 ± 0.01 b 

PR 3.86 ± 0.49 b 4.30 ± 0.25 b 1.86 ± 0.06 a 2.04 ± 0.08 a 

3.4. Main Variables Affecting Soil Toxicity to Trifolium pratense 

In order to visualize the relationship between the variables considered in this study, 

principal component analysis (PCA) was performed to determine which properties and 

a

b

c

d

0

200

400

600

800

1000

1200

RA RA4B RA8B NC

W
e

ig
h

t 
(m

g)

A
Biomass

A

B
B

C

a

b

c

d

0

100

200

300

400

500

600

700

800

RA RA4B RA8B NC
W

e
ig

h
t 

(m
g)

B
Shoots Roots

Figure 4. Values of total biomass (A) and biomass of the aerial part and roots (B) of Trifolium pratense
in the tested treatments (RA, unamended contaminated soil; RA4B and RA8B, contaminated soil
amended with 4 and 8% of biochar, respectively; and NC, non-contaminated soil). Error bars represent
standard deviation. Different letters indicate significant differences between treatments (p < 0.05)
according to Tukey’s post-hoc test.

The addition of biochar to contaminated soil significantly increased total plant biomass
compared to unamended contaminated soil (Figure 4A). The plant biomass increased
with the biochar dosage. Thus, the addition of 4 and 8% of biochar increased the total
biomass 16 and 22-fold, respectively, both with respect to the unamended contaminated
soil (Figure 4A), although this parameter remained below the values measured in NC
(58.76% and 43.64% for RA4B and RA8B, respectively).

When comparing the aerial and root biomass of the amended soils, it can be observed
that the increase in the amendment doses did not significantly modify the aerial biomass
but it did increase the root biomass more than two times in the 8% treatment in relation to
the 4% treatment (Figure 4B). However, shoot and root biomass in RA8B remains below
(45% and 40%, respectively) the values in NC.

The values of the calculated growth indicators confirm the higher efficacy of the
8% biochar treatment compared to the 4% treatment (Table 3). Thus, the growth indicator
values (Pt, Rt, and PR) for RA4B did not differ significantly from those for RA, unlike RA8B,
which showed significant differences for the three coefficients analyzed in relation to RA
and similar values to NC soil.

Table 3. Growth indicators (Pt, aerial/total biomass; Rt, root/total biomass; and PR, aerial/root
ratio) of Trifolium pratense in the non-contaminated soil (NC), in the unamended contaminated soil
(RA) and in RA soil amended with biochar at 4% (RA4B) and 8% (RA8B). Growth indicators were
calculated two months after planting. Different letters indicate significant differences (p < 0.05)
between treatments according to the post-hoc Tukey test.

RA RA4B RA8B NC

Pt 0.79 ± 0.07 b 0.81 ± 0.01 b 0.65 ± 0.01 a 0.67 ± 0.01 a
Rt 0.18 ± 0.02 a 0.19 ± 0.01 a 0.35 ± 0.01 b 0.33 ± 0.01 b
PR 3.86 ± 0.49 b 4.30 ± 0.25 b 1.86 ± 0.06 a 2.04 ± 0.08 a
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3.4. Main Variables Affecting Soil Toxicity to Trifolium pratense

In order to visualize the relationship between the variables considered in this study,
principal component analysis (PCA) was performed to determine which properties and
elements control the toxicity in the tested soils. Total metal concentrations and growth
indicators (Pt, Rt, and PR) were not considered to avoid creating noise in the analysis. The
parameters considered explain 82.2% of the data.

The two main dimensions were used for the graph (Figure 5). The different soils
studied (i.e., RA, RA4B, RA8B, and NC) are grouped in different parts of the diagram.
The increase in Dim 1 and decrease in Dim 2 coefficients significantly differentiate RA
soil from RA amended soils, by the increase in the dose of biochar applied. NC soil is
significantly separated from RA soil by the increase in Dim 1 coefficient with no differences
in Dim 2 coefficient. The large variability visible for the RA soil and NC soil is due to the
presence of some outliers that influence the analysis.
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treatments (RA, RA4B, RA8B, NC).

From the PCA results, it can be observed that the increase in biomass (both aerial and
root) is directly related to the increase in pH and inversely related to the bioavailable forms
of Cu and the EC. The location of the NC samples in relation to these variables indicate the
high influence of the non-contaminated soil in the aerial and root biomass.

The germination rate (Ge) and the number of plants two months after planting (Pl) are
directly related to the increase of As_b and inversely related to soluble and bioavailable
Zn and soluble Cu. The location of the RA soil and RA amended soils in relation to these
variables indicate the positive effect of the biochar amendment in relation to the increase of
plant germination and plant growth and the decrease of soluble forms of Cu and Zn and
bioavailable forms of Zn.
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3.5. Metal(loid)s Uptake by Plant
3.5.1. Shoot and Root Uptake

Metal(loid)s uptake by plant was analysed at the end of the incubation time consid-
ering root and shoot uptake separately (Table 4). With regard to the aerial part (shoot)
the same trend was observed, in general, for all of the metal(loid)s considered. Thus,
the concentration of the different metal(loid)s in the shoot decreased following the or-
der RA > RA4B > RA8B > NC, except for Cu, which did not show significant differences
between RA4B and NC soils (Table 4).

Table 4. Plant uptake in shoot and root (mean ± SE) in the non-contaminated soil (NC), in the una-
mended contaminated soil (RA) and in RA soil amended with biochar at 4% (RA4B) and 8% (RA8B)
at the end of the experiment. Different letters indicate significant difference (p < 0.05) between
treatments according to Tukey’s post-hoc test. SC/RC ratio was included.

Shoot RA RA4B RA8B NC

Pb (mg/kg) 35.79 ± 7.19 d 6.94 ± 1.00 c 4.53 ± 0.33 b 2.49 ± 0.55 a
As (mg/kg) 12.37 ± 1.92 d 3.92 ± 0.44 c 2.88 ± 0.14 b 0.87 ± 0.10 a
Zn (mg/kg) 1001.05 ± 155.24 d 334.52 ± 12.62 c 74.64 ± 2.59 b 44.77 ± 1.17 a
Cu (mg/kg) 54.19 ± 8.37 c 13.21 ± 0.75 b 7.87 ± 0.23 a 13.12 ± 0.71 b

Root

Pb (mg/kg) 18.36 ± 2.84 a 129.79 ± 12.50 c 79.57 ± 3.36 b 23.82 ± 1.62 a
As (mg/kg) 4.45 ± 1.08 a 53.7 ± 4.57 c 36.95 ± 1.56 b 5.46 ± 0.27 a
Zn (mg/kg) 146.59 ± 20.57 b 431.76 ± 14.22 c 90.9 ± 2.41 a 75.93 ± 2.68 a
Cu (mg/kg) 35.03 ± 3.73 a 55.98 ± 2.09 b 28.26 ± 0.72 a 33.1 ± 1.41 a

SC/RC ratio

Pb 1.95 0.05 0.06 0.10
As 2.78 0.07 0.08 0.16
Zn 6.83 0.77 0.82 0.59
Cu 1.55 0.24 0.28 0.40

The concentrations of metal(loid)s in root showed non-significant differences between
RA and NC soils, expect for Zn, whose concentration in RA was around twice that in NC.
In biochar amended soils different trends were observed depending on the biochar dosage.
Thus, addition of biochar at 4% (RA4B) increased the root uptake of all of the metal(loid)s
studied regarding to unamended contaminated RA soil. By contrast, with biochar treatment
at 8% (RA8B) the root uptake increased for Pb and As, decreased for Zn and was not
significative different for Cu, all with regard to RA. Non-significant differences were
observed in the root uptake of Zn and Cu between RA8B and NC soils.

Generally, as evidenced by the SC/RC ratio, the metal(loid) concentration in the roots
is considerably higher than in the aerial part, except for RA. The addition of biochar to
RA soil decreased the SC/RC ratio to values below 1 (Table 4).

3.5.2. Bioaccumulation Factor

Bioaccumulation factor (BAF) using EDTA extraction of soils was calculated to evaluate
the transfer of metal(loid)s into plants.

In general, BAF followed the same trend as described for shoot and root uptake. Thus,
shoot BAFs decreased in the order RA > RA4B > RA8B > NC except for Cu, and higher
root BAFs were observed in RA4B soil for all of the metal(loid)s studied, also for RA8B,
although less pronounced (Table 5). Such high BAF values in contaminated soils, especially
for Pb and As, depend on the higher concentration of metal(loid)s in the plant with respect
to the bioavailable fraction present in the soil, indicating a further transfer of these elements
from the soil to the plant. In contrast to amended soils, in RA the highest concentration
of matal(loid)s is encountered in the BAF of the aerial part, probably due to the limited
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growth of the vegetative part of the plant, which for mathematical reasons increased the
bioaccumulation factor.

Table 5. Bioaccumulation factor (BAF) in root and shoot, in the non-contaminated soil (NC), in the
unamended contaminated soil (RA), and in soil amended with biochar at 4% (RA4B) and 8% (RA8B).

Shoot BAF RA RA4B RA8B NC

Pb (mg/kg) 1139.01 171.96 75.58 0.41
As (mg/kg) 215.27 68.82 30.47 10.36
Zn (mg/kg) 111.60 48.04 17.81 13.73
Cu (mg/kg) 9.02 2.51 1.40 4.97

Root BAF

Pb (mg/kg) 584.27 3214.57 1326.78 3.93
As (mg/kg) 77.38 941.96 390.50 64.85
Zn (mg/kg) 16.34 62.01 21.69 23.28
Cu (mg/kg) 5.83 10.63 5.01 12.52

4. Discussion
4.1. Effect of Biochar on Soil Properties and Metal(oid)s Concentration
4.1.1. Soil Physico-Chemical Properties

Positive effects of the addition of biochar on the chemical characteristics of the con-
taminated soil were observed. The amendment addition raised the pH of the polluted soil
depending on amendment dosage, with an increase by almost two units in the 8% treatment
(Figure 3). Moreover, the addition of biochar slightly reduced the EC values in RA4B and
RA8B with respect to RA. Previous studies have already shown the ability of biochar to
modify soil characteristics when used as an amendment to restore contaminated soil [6,40].
Similar to our study, Beesley and Marmiroli [41] observed a strong increase in pH af-
ter adding biochar to contaminated soil samples. However, the soil response was not
univocal. Considering that biochar properties vary considerably with feedstock and pyrol-
ysis temperature, the results obtained will depend on the type of biochar and especially
on the characteristics of the soil amended [11]. Thus, the greatest increase in pH was
observed when alkaline biochar is added to a very acid soil [42]. Adding an alkaline
biochar (pH between 7 and 9) to acidic soils results in a decrease in the mobility of cationic
metal(loid)s due to reduced competition between the ions for cation exchange sites on the
biochar surface [25]. However, it is possible that soil pH and soil solution pH may not
always respond in the same way to biochar amendments [42]. The addition of biochar
to neutral or alkaline soils may not result in a significant decrease in metal mobility [6],
indicating that reduced values of this parameter are a consequence of biochar effect on
acidic soils and not necessarily to biochar per se as an immobilizing agent.

4.1.2. Total Metal(loid)s

The high content of metal(loid)s in the unvegetated soils of the Guadiamar Green
Corridor is a consequence of the continuous contamination process characterized by the
oxidation of the remaining tailing in the soils [43]. The concentration of metal(loid)s in
the contaminated soil treatments showed very high values compared to the values found
in the non-contaminated soil, especially for As and Pb (Table 1). The only exception is
represented by the Zn content. In fact, in NC soil high concentrations of this metal have
been detected, even higher than those found in RA soil. These values of concentrations
for Zn in NC soil were in the range of geochemical background values in the area [44],
and the low values in RA may be related to the acid pH of this soils, which increased the
leaching process of this element over time, lowering the total concentration in the polluted
soil in relation to the non-polluted one [33]. However, in all treatments the total Zn content
remained below the limits established by the Regional Government to declare a soil as
contaminated (10,000 mg kg−1) [45].
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Regarding the total Cu content in RA, the values found do not differ much from
the geochemical background values of the area [43], and in all treatment remained below
the limits established in Decree 18/2015 of the Regional Government to declare a soil
contaminated by this element (595 mg kg−1). By contrast, total concentrations of As and Pb
found in RA, RA4B, and RA8B exceed the regulatory levels established (275 mg kg−1 for Pb,
36 mg kg−1 for As) to declare a contaminated soil by the Regional Government [45],
representing a threaten for the soil biota as evidenced in previous works [46].

The high concentrations of these two elements are related to their low mobility in
soils, in the case of As, this element was strongly retained in the soils by iron oxides in the
affected area [33,46]. In the case of Pb, the precipitation in the polluted soils is related to
the retention by lead hydroxysulphates such as plumbojarosite [47].

4.1.3. Soluble and Bioavailable Forms

The increase in soluble forms of Cu and Zn is strongly related to soil properties, the
acid pH being mainly responsible [43]. The opposite is observed for As, which tends to
be more mobile at alkaline pH [48]. Indeed, unlike cationic metals, As is in the form of an
oxyanion in solution, which make the remediation more difficult because its mobility in
soil may increase with increasing pH when anion release occurs [49].

In our study, the addition of biochar significantly reduced the concentration of the
mobile fractions of metals, especially for Zn and Cu. Thus, concentration of the mobile
forms of Zn and Cu were inversely correlated with pH (r = 0.735–0.942, p > 0.01) and
directly with EC (r = 0.507–0.834, p < 0.01) (Table A2). Previous studies have also reported
a reduction of Zn mobility due to the application of biochar. Beesley and Marmiroli [41]
observed that biochar reduced Zn concentration in the leachate through surface sorption.
Novak et al. [50] also reported a decrease in Zn concentrations in the leachate after the
addition of biochar, but it was related to an increase in pH. Zn bioavailability is drastically
reduced in RA8B in response to the sharp increase in pH. This behavior was also observed
by Fellet et al. [26], who found that the application of biochar to a mining-contaminated soil,
increase pH and CEC, and reduced the bioavailable concentrations of metals. In the case
of Cu, the bioavailability is reduced with the biochar addition, but this reduction was of a
similar magnitude in the soil amended with biochar, regardless the biochar dosage applied.
This result differs from those described by Jiang et al. [51], who observed a decrease in
bioavailable forms related to the amount of biochar used, although these authors worked
with much higher doses (15–25%) of biochar. The main mechanism related to the reduction
of Cu mobility after biochar addition is cation exchange capacity [52], so a certain amount
of Cu retained is in bioavailable forms.

For the mobile forms of Pb, a low correlation with soil properties was found, positive
with pH (r = 0.539, p < 0.01 and r = 0.852, p < 0.01, for soluble and bioavailable forms,
respectively) and negative with EC (r = −0.557, p < 0.01 and r = −0.732, p < 0.01, for soluble
and bioavailable forms, respectively) (Table A2). In fact, Pb presented the highest solubility
ratio in NC, with negligible fractions in RA. Lead is a very immobile element in soils,
being clay minerals, pH and organic matter, the most important factors determining its
fixation [53,54]. Probably in contaminated soils, Pb may have been immobilized by Fe
hydroxysulphates [38,55], and Pb accumulation is also described in the most superficial
part of soils, due to sorption by organic matter, by the formation of stable complexes, thus
reducing phytotoxicity when the soil has an acidic pH [56]. However, in NC the presence of
vegetation may have promoted the formation of complexes between Pb and organic matter
contributing to the high solubility of Pb and consequently to the increase of its availability
when the pH was raised above 6.5 [57].

Arsenic also showed a low mobility in the polluted soils. The anionic behavior of As
favors adsorption under acidic conditions due to its binding to Fe/Mn oxides present in the
soil [43,58]. However, when the pH approaches neutrality, an increase in bioaccessibility
may also occur. According to correlation analyses, the variation of the soluble fraction of As
with respect to pH value is not significant, while the bioavailable fraction is positively related
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to pH (r = 0.672, p < 0.01) and negatively related to EC (r = −0.311, p = 0.032) (Table A2).
The addition of biochar did not lead to immobilization of this metal(loid), coinciding
with the results obtained by Beesley and Marmiroli [41], who found that biochar had a
negligible influence on mobile As concentrations in soil contaminated with multiple metals.
In the current study, the 8% biochar dosage even caused an increase in the bioavailable
fraction of As. This result agrees with previous studies that show some concerns about
the application of biochar to manage soil contaminated with As since it may not lead to a
reduction in As mobility, but to an increase [6]. To overcome such limitations associated
with As mobilization, the use of solid amendments can be tested. For example, combining
biochar with iron oxides may be a good option, since as mentioned above, iron oxides can
reduce the mobility of As in the soil by anion exchange [59]. Aguilar et al. [46] confirmed the
use of soils rich in free iron oxides as a suitable material in the remediation of the studied
area. Thus, biochar in combination with iron-rich amendments can promote As retention
capacity in soils and reduce the potential toxicity related to this element.

The mechanisms involved in the immobilization of metal(loid)s caused by biochar
addition are different, depending mainly on the characteristics of the soil, the biochar used
and the type of metal(loid)s present [26]. Although soil pH may explain the behavior
of some of the metal(loid)s studied in relation to their mobility it is worthy to mention
that immobilization of metals is also related to the ability of organic matter to bind these
elements [60]. Thus, not only may biochar reduce the metal(loid)s mobility by an increase
of the soil pH but also by the addition of organic matter to soil. However, soluble or-
ganic matter can generate ligand binding effects that increases the solubility of heavy
metals [61,62]. Indeed, the toxicity of metals is greatly enhanced by their strong tendency
to form organometallic complexes, which facilitates their availability and dispersion [63].
For example, in the case of Pb and As, bioavailability is controversial, and there could
be a potential environmental risk in the long term if these areas are revegetated without
adequate immobilization by additional amendments such as carbonate- and iron-rich mate-
rials. Consequently, the application of amendments to reduce the bioavailability of these
elements requires monitoring over time.

Regarding to the potential toxicity of the soluble concentrations of metals analysed,
for Zn and Cu, the 8% treatment manages to lower the soluble fraction to concentrations
below the toxic values in soil solution (Cu = 0.7 mg kg−1; Zn = 0.5 mg kg−1) [64]; and
in the case of Cu, also RA maintains a non-toxic concentration in soil solution. In all
treatments, the soluble Pb and As content values are lower than the toxic values in soil
solution (Pb = 1.0 mg kg−1, As = 0.04 mg kg−1) [64,65].

4.2. Effectiveness of Biochar Treatments to Modify Metal Toxicity to Plants
4.2.1. Germination

Germination and seed emergence are the first and crucial stages of the plant cycle [66].
Our results demonstrate the ability of biochar to promote vegetation emergence in soil with
high metal(loid)s content.

The germination rate calculated for RA was very low (17.83 ± 3.54) respect to NC, sug-
gesting the existence of phytotoxic concentrations of the metals in the soil that prevent plant
emergence. In previous studies conducted in contaminated soils in the area, it was observed
that the acidic pH value and the high concentration of metals resulted in a lack of available
essential nutrients, a potential toxicity in soil solution, and an absence of vegetation [29,54].
Delgado-Caballero et al. [67] found that low pH together with high concentrations of Cd,
Pb and Zn could have increased the solubility and toxicity of these elements, inhibiting seed
germination in Bouteloua dactyloides and Cynodon dactylon. In fact, a significant correlation
was found in our study between soil properties and germination rate, pH being the most
explanatory variable with a positive coefficient r = 0.704, p < 0.01 (Table A3).

In soils amended with biochar, higher emergence rates were observed than in RA,
regardless of the doses used. Probably due to the improvement of soil properties, mainly
the increase in pH (with values above 4). In fact, according to García Carmona et al. [38]
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and García Robles [68], the increase in pH and the decrease in EC represent favourable
conditions for seed emergence and vegetation establishment. The increase of pH values
would have promoted the reduction of metal toxicity by decreasing their bioavailability,
being of particular importance the reduction of Cu and Zn bioavailable fractions, as evi-
denced by PCA (Figure 5) and correlation analyses. According to the correlation analysis,
Ge would have risen by increasing the bioavailable fraction of Pb and As (r = 0.723, p < 0.01;
r = 0.429, p = 0.002 respectively), and by decreasing the soluble Zn and Cu (r = −0.72,
p < 0.01; r = −0.588, p < 0.01, respectively) and bioavailable Zn and Cu (r = −0.705, p < 0.01;
r = −0.636, p < 0.01, respectively) (Table A3).

In addition, for RA, non-significant variations were observed in the rate of the number
of plants present at the end of the experiment with respect to the initial germination.
This variation determined the value of the survival percentage, which was lower in the
contaminated soil than in the other treatments. Probably, the decrease in the number
of plants observed in RA over the incubation time was due to the toxicity content of
Zn and Cu.

In the 8% amended treatment the germination rate of Trifolium pratense is similar
to that of the uncontaminated soil, although the biomass values differ greatly, which
it could be related to the influence of the presence of a high content of metals on the
normal growth and development of the plants. The existence of a positive correlation
(r = 0.429, p = 0.002) between the bioavailable fraction of As and germination (Figure 5)
indicate that the presence of this element in the soil could stimulate plant growth when
it is present in low concentrations (µg/day). This is likely due to the fact that As, by
interacting with both plant metabolism and nutrients, could act as a stimulator for the
essential micronutrients uptake, such as phosphorus (P) [69]. However, controversial
results are found in the literature regarding the role of As in plant growth.

4.2.2. Plant Biomass

The total biomass values inform about the effect of contamination on plant develop-
ment, determining strong limitations for vegetation establishment. It is worth mention-
ing that the current experiments were conducted under controlled and fully favorable
greenhouse conditions, which promoted the plant growth observed in contaminated soil.
However, in real conditions, strong limitations prevent the establishment of vegetation in
RA soil with no plant cover.

A significant increase in plant growth was observed in RA4B and RA8B with re-
spect to RA, suggesting decline effect of metal phytotoxicity. As also observed in other
studies [42,69], the use of biochar as an amendment improves plant performance. Root
biomass values varied significantly among treatments depending on the dose of amend-
ment used, but aerial biomass values did not differ significantly among the amended
treatments. Probably the lower biomass of amended soil with respect to non-contaminated
soil is due to the accumulation of metals in plant tissues, which may have caused limited
growth [53,70]. Thus, it has been observed that the values of soluble and bioavailable
fractions of Zn and Cu are negatively related to root (r =−0.937, p < 0.01; r =−0.77, p < 0.01)
and aerial part biomass (r = −0.884, p < 0.01; r = −0.654, p < 0.01), (Figure 5 and Table A3).

The presence of large amounts of metal(loid)s can affect plant physiology by reducing
respiration and growth. In addition, the accumulation of metal(loid)s in high concen-
trations can interfere with photosynthetic processes and inhibit fundamental enzymatic
reactions [71]. When these metals are present in the soil at a low concentration, plants
continue to grow uniformly despite accumulating these metals. The ability of plants to
accumulate heavy metals in their tissues can therefore be used to control soil pollution and,
in particular, the amount of heavy metals [71].

The bioavailable fractions of As and Pb showed positive correlation with the values
of shoots (r = 0.895, p < 0.01; r = 0.679, p < 0.01) and roots (r = 0.875, p < 0.01; r = 0.505,
p < 0.01) (Table A3) biomass. According to the biomass values and correlation data, it is
observed that the presence in the soil of a high content of available Zn and Cu mainly
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affects the development of roots, limiting their growth, but does not influence too much the
development of the aerial part. Otherwise, a small increase in the bioavailable fraction of
Pb and As seems could promote plant growth, although it is not possible to give a complete
answer since the mechanisms they implement are still unknown. (Figure 5).

The improved soil characteristics provided by the addition of biochar are related to
increased plant growth. According to Atkinson et al. [72] and Sohi et al. [73], the increased
water holding capacity and improved structure caused by the biochar addition represent
material conditions conducive to plant growth. But the same properties that in some cases
so effectively reduce metal mobility can also immobilize essential macronutrients [74],
decreasing the fertility of an already compromised soil. Thus, if maintenance of soil
quality and good conditions for plant growth is required, biochar alone may be ineffective
for sustainable remediation and revegetation [75,76] and it should be complemented by
the application of organic or inorganic fertilizer. For example, under nutrient-limited
conditions, its combination with other organic amendments, such as compost, may be
necessary [6]. In any case, the selection of a biochar that manages to maintain the balance
between nutrient deficiency/retention and pollutant immobilization could be difficult.
However, evidence of reductions in the mobility of different types of organic contaminants
allows the same amendment to be implemented on multi-element contaminated sites,
considering biochar as a cost-effective and versatile material for use on a wide variety of
contaminated soils.

4.2.3. Plant Uptake

Biochar addition reduces the metal(loid)s concentration in the shoot as compared to
plants grown in RA, but increase the concentration in the root, except for Zn and Cu in
RA8B. The increase of As and Pb concentration in roots can be explained by increasing
bioavailable fractions of these metal(oid)s in the amended soils. In addition, the presence
of organic matter from biochar may increase the accumulation in vegetation of these metals
due to the soluble organic ligands’ formation for the root exudations that increase the
uptake of the trace elements [77].

De Chen et al. [78] found that, in general, biochar consistently reduced the average
concentrations of heavy metals in plant tissue. However, our results suggest that biochar
may also reduce the translocation of metal(loid)s from root to shoot as indicated lower
values of SC/RC ratio calculated in RA4B and RA8B than that in RA (Table 4).

Biochars from different feedstocks varied significantly in their capacity to reduce plant
heavy metal concentrations. Thus, it is possible that nutrient enriched manure biochar
enhanced plant growth, thereby diluting metal concentrations in the plant biomass [22].
Biochars produced at 450–500 ◦C are preferred for effectively reducing plant uptake of Cd,
Pb, Cu, and Zn, since oxygen containing functional groups can effectively complex with
heavy metals [52]. The biochar pH and the application rate of biochar significantly affected
the percentage reductions in plant uptake of the heavy metals.

In the present study, bioaccumulation in Trifolium pratense seems not to be significant
since the total metal content in the samples before the experiment (t0) did not differ signifi-
cantly from the values found in the samples at the end of the experiment (tf) (Table A1).
Trifolium sp. is herbaceous, with a limited biomass production. This plant is not considered
as hyperaccumulator, since it does not remove significant amounts of metals in a highly
contaminated soil by itself. Overall, T. pratense demonstrated its ability to survive, so it
could represent a potential species to be used in phytostabilization both in the study area
and in other similar contaminated areas. According to results in García Carmona et al. [38],
Trifoilium sp., present in the studied area, showed a good capacity to cope with high levels
of heavy metal contamination. These results agree with those of Bidar et al. [79], who
reported that this species could grow in soils highly contaminated by Cd, Pb, and Zn, by
accumulating them in its roots. It is likely that the bioaccumulation of metals could be
an adaptive mechanism that allows plants to live under these stress conditions. In any
case, the importance of using tolerant species for restoration trials of highly contaminated



Appl. Sci. 2022, 12, 1918 16 of 20

soils is highlighted [80]. More studies are needed to monitor the concentration of metals
accumulated in the plant tissues to assess the potential transfer risk to the food chain under
these polluted areas.

5. Conclusions

The results obtained show that the application of biochar modifies the properties
of the treated soils, promoting in particular a rise in pH which leads to changes in the
mobility of the metal(loid)s. In particular, the addition of biochar led to a reduction in the
bioavailability of Zn and Cu, thus favoring the presence of vegetation in the contaminated
soil. These results confirm the effectiveness of the amendment in terms of improving soil
properties and its ability to stimulate revegetation in contaminated soils.

According to our study, this treatment could be advisable to ensure the positive
evolution of unvegetated soils in the area and to promote vegetation growth. All of the
results presented in this study provide valuable information on new remediation strategies
that could be transferred to similar scenarios worldwide. However, before applying biochar
in the field, it is important to understand its ability to immobilize contaminants in the
long-term, which may change over time as its sorption sites may be occupied by native soil
organic matter and compete with contaminants. In addition, it is important to consider the
biogeochemistry of the soil, the characteristics of the site, and the nature of the contaminants
before applying biochar for restoration purposes.

The species used as bioindicator, Trifolium pratense, has demonstrated a potential
capacity to address severe soil contamination through the mechanism of phytostabiliza-
tion. Although the bioaccumulation values encountered were low, bioaccumulation of
metal(loid)s in the plant tissues must be considered. Indeed, plants with high concentra-
tions of metals in shoot can represent a risk to the ecosystem and living organisms when
introduced into the food chain (especially in the presence of livestock).

In light of the positive results obtained in the greenhouse experiment, the evaluation
of the bioremediation potential of biochar under field conditions can be considered for
the ecological restoration of highly contaminated sites. However, it is recommended that
follow-up studies are conducted after each restoration program to avoid future mobilization
of metal(loid)es, and continuous monitoring of the vegetation is carried out to ensure the
safety of the ecosystem.
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Appendix A

Table A1. Soluble and bioavailable metals for the three treatments tested (RA, RA4B, RA8B) and the
control soil (NC) at the beginning of the experiment. Different letters indicate statistically significant
difference (p < 0.05) according to Kruskal-Wallis.

RA RA4B RA8B NC

Pb_s (µg/kg) 0.26 ± 0.26 a 0.63 ± 0.32 a 0.35 ± 0.35 a 20.35 ± 11.62 b
As_s (µg/kg) 3.55 ± 0.21 a 8.1 ± 4.15 a 5.2 ± 1.35 a 6.27 ± 0.87 a
Zn_s (mg/kg) 7.33 ± 0.08 d 4.12 ± 0.18 c 0.92 ± 0.01 b 0.031 ± 0.01 a
Cu_s (mg/kg) 0.45 ± 0.04 d 0.07 ± 0.01 c 0.02 ± 0.01 a 0.03 ± 0.01 b

Pb_b (µg/kg) 64.28 ± 3.22 a 49.11 ± 8.93 a 51.17 ± 11.04 a 6025.57 ± 54.47 b
As_b (µg/kg) 55.56 ± 1.77 a 53.33 ± 2.95 a 52.4 ± 4.19 a 92.43 ± 1.25 b
Zn_b (mg/kg) 10.39 ± 0.22 d 8.90 ± 0.35 c 7.39 ± 0.07 b 3.31 ± 0.09 a
Cu_b (mg/kg) 5.78 ± 0.06 d 4.66 ± 0.09 c 4.25 ± 0.06 b 2.84 ± 0.03 a

Table A2. Spearman correlation of soil properties pH and EC with mobile fractions of metals
(_s = soluble; _b = bioavailable). NS = not significant; “**” = p < 0.01 and “*” = p < 0.05.

pH Sig. CE Sig.

Pb_s 0.539 ** −0.557 **
As_s NS NS NS NS
Zn_s −0.942 ** 0.804 **
Cu_s −0.799 ** 0.507 **

Pb_b 0.852 ** −0.732 **
As_b 0.672 ** −0.311 *
Zn_b −0.924 ** 0.739 **
Cu_b −0.735 ** 0.834 **

Table A3. Spearman correlation of germination, aboveground biomass (Biom_a) and root biomass
(Biom_r) with soil properties and metal(loid)s mobility. NS = not significant; “**” = p < 0.01 and
“*” = p < 0.05.

Ge Sig. Biom_a Sig. Biom_r Sig.

pH 0.704 ** 0.862 ** 0.921 **
CE −0.715 ** −0.831 ** −0.773 **

Pb_s 0.311 * 0.492 ** 0.486 **
As_s NS NS NS NS NS NS
Zn_s −0.720 ** −0.884 ** −0.937 **
Cu_s −0.588 ** −0.654 ** −0.77 **

Pb_b 0.723 ** 0.875 ** 0.895 **
As_b 0.429 ** 0.505 ** 0.679 **
Zn_b −0.705 ** −0.877 ** −0.945 **
Cu_b −0.636 ** −0.782 ** −0.712 **
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