
Do biochars influence the availability and human oral
bioaccessibility of Cd, Pb, and Zn in a contaminated slightly
alkaline soil?

Adeline Janus & Christophe Waterlot &
Sophie Heymans & Christophe Deboffe &

Francis Douay & Aurélie Pelfrêne

Received: 6 August 2017 /Accepted: 5 March 2018 /Published online: 14 March 2018
# Springer International Publishing AG, part of Springer Nature 2018

Abstract Different remediation techniques have been
used to restore metal-contaminated sites, including sta-
bilizing metals by adding amendments to the soils. This
study experimented three biochars, made from wood
and miscanthus, cultivated on contaminated and uncon-
taminated soils, used as amendments at a 2% application
rate on a metal-contaminated soil for 9 months in
laboratory-controlled conditions. The objective was to
evaluate whether biochars were able to decrease the
availability and human oral bioaccessibility of metals
in an alkaline soil. To meet this goal, the modifications
of the soil’s physicochemical parameters, metal distri-
bution in soil, and human bioaccessibility were evaluat-
ed at different sampling times. The results showed that
biochar application to the alkaline soil did not always
decrease the soil metal availability, which challenges the
value of using biochars in already slightly alkaline soils
at a low application rate. However, differences in effi-
ciency between the three biochars tested were highlight-
ed. The biochar produced with miscanthus cultivated on
uncontaminated soil led to higher soil metal bioaccessi-
bility. Moreover, because of the absence of any increase
in soil metal availability with the biochar produced from
biomass cultivated on contaminated soil, the use of such

biochars can be recommended for the remediation of
contaminated soil.
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Introduction

Metals in soils are not biodegradable and are slowly
depleted by leaching, plant uptake, and erosion
(Kabata-Pendias and Pendias 1984; Kobya et al.
2005). These metals can lead to environmental risks
by altering ecosystem functioning and soil ecological
health (Martin and Ruby 2004). Moreover, through the
consumption of contaminated crops, the ingestion, and/
or inhalation of contaminated dust/soil particles, the
populations located on the contaminated sites can also
be exposed, possibly causing health risks.

To restore contaminated sites, different remediation
techniques exist, including the stabilization of metals.
To enhance this stabilization, organic and inorganic
amendments can be added to the soils (Martin and
Ruby 2004; Park et al. 2011b). Within these amend-
ments, biochars have received great attention for the
past several years, which are defined as the carbon-
rich products obtained when biomass (e.g., wood or
manure) is heated in a closed container with little or no
available air (Lehmann and Joseph 2009). Among the
different raw materials that can be used to produce
biochars, the use of plant biomass produced on contam-
inated sites can be a solution to limit the conversion of
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land usually used for food production (Evangelou et al.
2014). For example, Břendová et al. (2015) evaluated
the metal sorption efficiency of biochars produced on
contaminated and uncontaminated soils and demonstrat-
ed that the metal sorption efficiency of biochars was
similar, with a minimal risk of metal release for the
biochar produced on contaminated soils.

Many studies have evaluated and demonstrated the
ability of biochars to modify soil characteristics and to
decrease the availability of metals in acidic soils, even at
low application rates (Namgay et al. 2010; Beesley et al.
2011; Jiang et al. 2012; Houben et al. 2013; Bian et al.
2014; Ehsan et al. 2014; Niu et al. 2015; Rodríguez-Vila
et al. 2015). These availability decreases are commonly
correlated with the specific surface area (SSA) of bio-
chars, their porosity, pH, or cation exchange capacity
(CEC) and therefore depend on the sorption capacity of
biochars (Janus et al. 2015). Moreover, the effects of
biochars on metal availability are also related to the soil
modification following biochar amendment, notably the
increase in soil pH, which is one of the main factors
affecting soil adsorption sites and therefore metal avail-
ability (Pérez-Esteban et al. 2014). However, to our
knowledge, few studies have evaluated the effects of
biochar addition on metal availability in alkaline soils
(Al-Wabel et al. 2015; Zhao et al. 2016; Ahmad et al.
2017; Shen et al. 2018).

To estimate the risk to which the population is ex-
posed to metallic soil contamination in case of soil
ingestion, metal oral bioaccessibility can be measured.
The oral bioaccessibility of soil contaminant is defined
as the fraction that is soluble in the gastrointestinal
environment and available for absorption (Ruby et al.
1999). In this context, the BioAccessibility Research
Group of Europe (BARGE) developed a unified method
(called the unified bioaccessibility method (UBM)) to
evaluate oral bioaccessibility through ingestion of soil
particles in a reproducible, robust, and defensible man-
ner (Wragg et al. 2011). The impact of biochars onmetal
oral bioaccessibility has been studied over the last few
years (Ahmad et al. 2012; Uchimiya et al. 2012; Cui
et al. 2016; Rizwan et al. 2016). However, to our knowl-
edge, no study has evaluated the relation between bio-
chars and oral bioaccessibility using the UBM test.

The aim of this study was to evaluate how the effects
of three biochars evolved over 9 months on soil param-
eters, metal availability, and oral bioaccessibility in an
alkaline-contaminated soil sampled near a former lead
smelter. The second objective was to compare the

efficiency of biochars produced from plant biomass
cultivated on metal-contaminated and uncontaminated
soils, respectively.

Materials and methods

Soil and biochar preparation

The soil studied was taken in the organic-mineral hori-
zon from a poplar grove planted on a former agricultural
parcel, located at Evin Malmaison (northern France)
near a former lead and zinc smelter (Metaleurop Nord,
France). The soil is highly contaminated with Pb and Zn
but also with Cd. The soil presents clay, silt, and sand
contents equal to 154, 623, and 223 g kg−1, respectively.
Its characteristics are described in Table 1.

Three biochars were tested: the first biochar (called
BcM) was produced from Miscanthus × giganteus
plants (a perennial grass), cultivated on agricultural land
located near the former lead smelter Metaleurop Nord.
The aerial parts of this plant were harvested after
senescence (February) and then pyrolyzed at 600 °C
for 1 h at La Carbonerie (Crissey, France). The sec-
ond biochar (called BuM) was also made from
Miscanthus × giganteus, but it was cultivated on an
uncontaminated soil and produced by Pyreg GmbH
(Dörth, Germany) at 600 °C for 30 min according to
the procedure detailed in Houben et al. (2013). The
last biochar (BW) was made from hardwood (horn-
beam, beech, and oak) at 400 °C for 12 h at La
Carbonerie. All the biochars were ground and sieved
to particles with sizes ranging from 315 μm to 2 mm.

Biochar characterization

The pH (H2O) was measured after stirring a mixture of
biochar and deionized water (1:5 v/v) according to the
ISO 10390 standard. The CEC was determined after
percolation of ammonium acetate (1 M, pH = 7) into
biochar samples followed by an extraction of ammoni-
um ions (NH4

+) with sodium chloride (1 M) according
to the French NF X31–130 standard. The SSA and the
carbon and nitrogen contents were measured by the
CIRAD Research Center (Montpellier, France). The
surface area of biochars was determined from N2 iso-
therms using a Micromeritics ASAP2020 analyzer; the
data were fit to the Brunauer-Emmet-Teller (BET) equa-
tion to calculate the surface area. The total C and N
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contents were measured by an elemental analyzer
(Variomacrocube, Elementar). The oxygen content was
calculated by subtracting the ash, carbon, hydrogen, and
nitrogen contents, expressed as a percentage, from 100
(Al-Wabel et al. 2013). The pseudototal Cd, Pb, and Zn
concentrations of the biochars were determined by
atomic absorption spectrometry (AA-6800, Shimadzu)
after digesting the biochar sample with a mixture of
hydrogen peroxide and nitric acid (1:1 v/v).

Experimental setup

The three biochars were applied to the contaminated
soil, initially dried at 40 °C, ground, and sieved to
2 mm, at a 2% (w/w) application rate, with 1 g of biochar
added to 50 g of soil and placed in amber glass jars.
After the amendment, the mixtures were incubated in
the laboratory at 20 °C and maintained at 60% field
capacity with deionized water. Soil with no amendment
was used as control. Each experimental modality de-
scribed hereafter was performed in three replicates, with
no amendment (called CT) or amended with BcM,
BuM, or BW. The pot experiment was conducted over
9 months, in the dark to avoid the development of algae.
Soil samples were taken at different times: after 3, 6, and
9 months (one set of pots per sample time). A first
control (CT0, unamended soil), which went through
the same equilibrium conditions as the amended soils
in terms of watering, was sampled after the 5 days of
equilibrium to represent the initial time. Thus, both
impacts of watering and biochar amendment were
evaluated.

Analyses

At 3, 6, and 9 months, the soils were dried at 40 °C,
ground, and passed through 2-mm and 250-μm sieves
using a mill (ZM200, Retsch). First, the soils were

characterized with pH, CEC, and CaCO3 content. The
pH and CEC measurements were taken as described
above. The CaCO3 content was determined by measur-
ing the CO2 formed after adding HCl (4 M) to the
aliquot according to the ISO 10693 standard.

The pseudototal Cd, Pb, and Zn concentrations were
determined after an acidic digestion in aqua regia (HCl/
HNO3, 3/1 v/v) using a digestion block at 120 °C for
90 min. For quality assurance, a certified soil was used
(ERM-CC141, ERM, Belgium). The samples were then
analyzed with a flame atomic absorption spectrometer
(AA-6800, Shimadzu). For the certified soil, measured
concentrations were equal to 99, 114, and 94% of the
expected concentrations for Cd, Pb, and Zn, respective-
ly. The metal fractionation in soil was evaluated with the
BCR sequential extraction method according to the
modified BCR sequential extraction protocol (Waterlot
et al. 2012). Four fractions were obtained, noted F1, F2,
F3, and F4, and defined as (F1) water/acid soluble and
exchangeable fraction (0.11 mol L−1 acetic acid), (F2)
reducible fraction (0.5 mol L−1 hydroxylammonium
chloride), (F3) oxidizable fraction (30% H2O2 and
1.0 mol L−1 ammonium acetate), and (F4) residual
fraction (aqua regia). Quality control was checked using
a certified reference material (BCR 701). For all the
fractions, the concentrations obtained were similar to
the expected concentrations. The sum of each fraction
compared to pseudototal concentrations was in the
range of 98–109% for Cd, 97–107% for Pb, and 99–
112% for Zn. Therefore, the values were expressed for
each element as a percentage of the sum of all sequential
extraction fractions.

The oral bioaccessibility of Cd, Pb, and Zn was
determined using the UBM test (Wragg et al. 2011),
previously described in full by Pelfrêne et al. (2011).
This protocol consists in two parallel sequential extrac-
tion procedures and simulates the chemical processes
occurring in the mouth, stomach, and intestine

Table 1 Physico-chemical parameters of the soil studied (n = 5)

pH CEC
(cmol+ kg−1)

Total CaCO3

(g kg−1)
Organic matter
(%)

Pseudototal concentrationsa (mg kg−1)

Cd Pb Zn

Mean 7.55 12.40 10.24 6.08 20.6 1025 1476

SD 0.03 0.64 0.55 0.03 0.22 18 20

SD standard deviation, CEC cation exchange capacity
a Extraction with aqua regia
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compartments using synthetic digestive solutions ac-
cording to physiological transit times. The UBM test
provided samples for analysis from both the gastric and
gastrointestinal phases. Blank and certified reference
material, NIST 2710a (Montana I Soil), was also used
to verify the protocol quality. The metal concentrations
were 6.2 ± 1.6 mg Cd kg−1, 2681 ± 446 mg Pb kg−1, and
1455 ± 116mg Zn kg−1 in the gastric phase, and equal to
2.0 ± 1.1 mg Cd kg−1, 463 ± 97 mg Pb kg−1, and 256 ±
31 mg Zn kg−1 in the gastrointestinal phase.

Statistical analysis

The experimental data were expressed as means and
standard deviations and were compared statistically
using the Tukey’s test at the 5% level. Differences
between values at p > 0.05 were considered not statisti-
cally significant. Moreover, all data were subjected to
analysis of variance (ANOVA). All statistical tests were
performed using the R software for Windows.

Results and discussion

Biochar parameters

Table 2 presents selected parameters of the biochars
made from wood (BW), miscanthus cultivated on un-
contaminated soil (BuM), and miscanthus cultivated on
contaminated soil (BcM).

The analysis of the three biochars revealed that their
metal concentrations were very low, even for the biochar

BcM. Moreover, the highest Cd and Pb concentrations
were obtained for the biochar BW. However, the metal
concentrations in the three biochars are under the thresh-
old values imposed by French legislation on the spread-
ing of organic amendments designed to improve agri-
cultural soil properties (AFNOR 2006).

BuM presented higher pH and lower CaCO3 con-
tents, O/C ratio, and SSA than BcM. These differences
are probably explained by the pyrolysis conditions used
to produce these two biochars. Indeed, BuM was pyro-
lyzed for 30 min versus 1 h for BcM, and it has already
been demonstrated that the residence time of feedstock
in the pyrolyzer has an impact on biochar characteristics,
notably on C content, pH, and SSA (Kwapinski et al.
2010; Peng et al. 2011; Yuan et al. 2014; Janus et al.
2015). Moreover, the miscanthus used to produce the
two biochars did not have the same origin, which can
also explain these differences obtained in biochar char-
acteristics. BW presented different parameters com-
pared to the miscanthus biochars. Indeed, BW had a
lower pH and SSA, and presented higher N and CaCO3

contents and O/C ratio. These differences are explained
by the feedstock used. Several studies have also re-
vealed the impact of the feedstock used on the biochar
characteristics (Antal and Grønli 2003; Novak et al.
2009; Lei and Zhang 2013).

Evolution of soil physicochemical parameters

The impacts of biochar application on the soil’s pH,
CEC, and CaCO3 content are shown in Fig. 1.

The analysis of soil pH revealed no difference be-
tween the control and the amended soils but significant
differences in soil pH depending on the sampling time
and the biochar.

At 3 months, a decrease was observed for the un-
amended soil by 0.1 units, probably explained by
watering the soil with osmosed water, which presented
a slightly acidic pH (pH = 5.7). Comparing the three
biochar-amended soils and the unamended soil at
3 months revealed no difference, demonstrating that
the biochars did not compensate the effect of watering.
At 6 and 9 months, time, watering, and the biochar
amendments did not modify the soil pH. However, a
higher soil pH was always observed with the BW
amendment compared to those obtained with the BuM
amendment, probably explained by the higher CaCO3

content of this biochar (Table 2). Previous studies also
observed no modification of soil pH following biochar

Table 2 Chemical and physical parameters of biochars

BcM BuMa BW

pH (H2O) 9.39 10.24 8.41

C % 78.2 ± 0.7 77.0 ± 1.1 79.0 ± 2.1

N % 0.35 ± 0.09 0.49 ± 0.16 0.98 ± 0.04

O/C 0.10 ± 0.01 0.04 ± 0.02 0.13 ± 0.03

CaCO3 g kg−1 14.7 8.6 ± 0.1 21.6 ± 4.1

SSA m2 g−1 170.7 150.8 121.6

Cd mg kg−1 < 0.4 0.1 1.0 ± 0.0

Pb mg kg−1 < 4.3 nd 24.2 ± 0.1

Zn mg kg−1 82.2 116 12.6 ± 1.6

a pH and Cd/Pb/Zn contents obtained in Houben et al. (2013)

SSA specific surface area, nd not detected
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addition for an application rate lower than 3% (w/w) in
slightly alkaline soils (Méndez et al. 2012; Al-Wabel
et al. 2015; Zhang et al. 2016).

The soil CEC did not vary during the experiment,
demonstrating that there was no effect of watering and
biochar amendment. The absence of an effect on soil
CEC was also observed by several authors who
experimented a low application rate (Méndez et al.

2012; Houben et al. 2013). Moreover, according to Jha
et al. (2010), the effect of biochar addition on soil CEC
is dependent on the type of biomass used, possibly
explaining why the biochars tested in this study did
not modify this parameter.

Lastly, the soil CaCO3 content did not change over
time. However, at 3 months, a 19% increase in the
CaCO3 content was observed with the BWamendment.
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Fig. 1 Evolution of the soil pH,
CEC, and CaCO3 content during
the experiment for the non-
amended soil (CT) and the soils
amended with: the woody biochar
(BW), the biochar made from
Miscanthus cultivated on uncon-
taminated soil (BuM), and the
biochar made from Miscanthus
cultivated on contaminated soil
(BcM) (n = 3). Capital letters
compared the control between the
different sampling times. Lower-
case letters compared the different
treatments at each sampling
times. Different letters correspond
to values statiscally different
(p < 0.05)
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This increase might be explained by the high CaCO3

content of BW compared to the soil CaCO3 content. In
contrast, the BcM and BuM biochars presented CaCO3

contents similar to the soil, explaining the absence of an
effect for these two amendments. At 6 and 9 months, the
three biochars did not modify the soil CaCO3 content.
Nevertheless, as for the soil pH, differences between
BW and BcM were observed at 9 months with a statis-
tically higher soil CaCO3 content for the BW amend-
ment. This result was probably related to the higher
CaCO3 content in BW compared to BcM.

Metal distribution in soil

The distribution of Cd, Pb, and Zn in the F1, F2, F3, and
F4 fractions is shown in Tables 3, 4, and 5, respectively.
For all the conditions and during the 9 months of the
experiment, Cd was mainly present in the water, ex-
changeable and acid-soluble fraction (F1: 65–68%), and
the reducible fraction (F2: 27–29%). In contrast, Pb was
mainly present in the reducible fraction (F2: 80–85%)
followed by the F1 fraction (8–11%). The Zn distribu-
tion showed the highest concentrations in the F1 and F2
fractions (F1: 39–43%; F2: 38–44%), followed by the
residual fraction (F4: 10–13%) and the oxidizable frac-
tion (F3: 6–8%).

Concerning Cd distribution, no effect of watering and
biochar amendment was observed for the F1, F2, and F3
fractions. However, in the residual fractions, differences
between the amendments were detected at 9 months.
Indeed, the BcM biochar significantly increased the F4
fraction from 3.1 to 3.9% compared to the unamended
soil, indicating lower mobility for Cd following BcM
amendment.

For Pb, watering with osmosed water did not affect
metal fractionation over time. No effect of biochar
amendment compared to the control was observed for
the four fractions during the experiment. However, at
9 months, differences between the biochars themselves
were observed. A higher percentage was observed with
BW in the F3 fraction (6.1%) compared to BcM (3.7%).

At 3, 6, and 9 months, watering with osmosed water
affected Zn distribution by decreasing the percentage in
the F1 fraction and increasing F2. In the F1 fraction, a
decrease from 42.7 to 40.2% was observed at 3 months
and remained similar at 6 and 9 months. In contrast, the
F2 fraction percentage increased for CT at 3 months
from 38.0 to 43.9%. At 6 and 9 months, the increase
was lower but remained statistically significant (41.4
and 41.0% at 6 and 9 months, respectively) compared
to the initial time. The use of osmosed water during the
experiment modified Zn fractionation in soil. These

Table 3 Distribution of Cd (expressed as percent of the sum in all
fractions) for each sampling date (0, 3, 6, and 9 months) in the soil
without biochar (CT), with woody biochar (BW), with biochar
made fromMiscanthus cultivated on uncontaminated soil (BuM),

and with biochar made from Miscanthus cultivated on contami-
nated soil (BcM) (F1: exchangeable, water- and acid-soluble frac-
tion; F2: reducible fraction; F3: oxidizable fraction; F4: residual
fraction) (n = 3)

Fractions
F1 F2 F3 F4

0 month CT 67.1 ± 1.0 A 27.5 ± 0.6 A 2.3 ± 0.3 A 3.1 ± 0.3 A

3 months CT 66.3 ± 1.2 Aa 28.1 ± 1.2 Aa 2.0 ± 0.3 Aa 3.5 ± 0.2 Aa

BW 66.6 ± 1.2 a 28.2 ± 1.4 a 2.1 ± 0.2 a 3.1 ± 0.3 a

BuM 65.5 ± 1.3 a 29.1 ± 1.1 a 2.4 ± 0.4 a 3.0 ± 0.1 a

BcM 67.2 ± 1.1 a 27.6 ± 0.7 a 2.1 ± 0.2 a 3.1 ± 0.4 a

6 months CT 65.8 ± 2.8 Aa 28.9 ± 3.3 Aa 2.0 ± 0.2 Aa 3.3 ± 0.9 Aa

BW 65.6 ± 1.1 a 28.7 ± 1.2 a 2.4 ± 0.3 a 3.3 ± 0.2 a

BuM 65.7 ± 1.3 a 29.1 ± 1.7 a 2.5 ± 0.3 a 2.7 ± 0.4 a

BcM 67.6 ± 0.8 a 27.5 ± 1.0 a 1.9 ± 0.8 a 3.0 ± 0.4 a

9 months CT 66.4 ± 0.6 Aa 28.4 ± 0.7 Aa 2.1 ± 0.4 Aa 3.1 ± 0.4 Aa

BW 65.0 ± 0.1 a 29.2 ± 0.2 a 2.5 ± 0.1 a 3.2 ± 0.2 ab

BuM 65.7 ± 1.3 a 29.0 ± 0.9 a 2.3 ± 0.2 a 3.0 ± 0.3 a

BcM 66.0 ± 1.9 a 28.2 ± 2.2 a 2.0 ± 0.3 a 3.9 ± 0.3 b

Capital letters compared the control between the different sample times. Lowercase letters compared the different treatments at each sample
times. Different letters correspond to values statiscally different (p < 0.05)
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results contradict those obtained by Waterlot et al.
(2011), who observed an increase in the Zn percentage
in the F1 fraction and a decrease in the F2 fraction.

However, the soil tested in the present study and the
soils used in Waterlot et al. (2011) are different in
terms of physicochemical parameters (grain size, pH,

Table 4 Distribution of Pb (expressed as percent of the sum in all
fractions) for each sampling date (0, 3, 6, and 9 months) in the soil
without biochar (CT), with woody biochar (BW), with biochar
made fromMiscanthus cultivated on uncontaminated soil (BuM),

and with biochar made from Miscanthus cultivated on contami-
nated soil (BcM) (F1: exchangeable, water- and acid-soluble frac-
tion; F2: reducible fraction; F3: oxidizable fraction; F4: residual
fraction) (n = 3)

Fractions
F1 F2 F3 F4

0 month CT 10.1 ± 1.0 AB 80.1 ± 1.7 A 3.7 ± 0.1 A 6.1 ± 1.6 A

3 months CT 10.6 ± 0.5 Ba 84.4 ± 0.8 Aa 2.7 ± 0.8 Aa 2.3 ± 0.4 Aa

BW 9.7 ± 1.1 a 83.7 ± 1.3 a 2.7 ± 0.9 a 3.9 ± 0.6 a

BuM 9.7 ± 1.1 a 84.4 ± 0.7 a 2.6 ± 0.4 a 3.4 ± 1.0 a

BcM 10.9 ± 1.1 a 83.2 ± 1.2 a 3.3 ± 0.6 a 2.5 ± 0.9 a

6 months CT 9.4 ± 0.5 Aba 82.9 ± 1.7 Aa 3.5 ± 0.3 Aa 4.2 ± 1.4 Aa

BW 8.4 ± 0.8 a 85.2 ± 0.2 a 2.9 ± 1.4 a 3.5 ± 1.4 a

BuM 8.6 ± 1.8 a 83.8 ± 0.9 a 5.2 ± 1.5 a 2.3 ± 0.3 a

BcM 9.2 ± 0.3 a 83.3 ± 1.3 a 3.9 ± 0.8 a 3.5 ± 0.6 a

9 months CT 8.5 ± 0.5 Aa 83.1 ± 1.9 Aa 3.8 ± 1.3 Aab 4.6 ± 1.9 Aa

BW 8.2 ± 0.2 a 82.5 ± 1.6 a 6.1 ± 0.6 b 3.2 ± 1.5 a

BuM 7.9 ± 0.8 a 84.3 ± 1.1 a 4.1 ± 1.1 ab 3.8 ± 2.3 a

BcM 9.1 ± 0.3 a 85.0 ± 0.6 a 3.7 ± 0.4 a 2.2 ± 0.7 a

Capital letters compared the control between the different sample times. Lowercase letters compared the different treatments at each sample
times. Different letters correspond to values statiscally different (p < 0.05)

Table 5 Distribution of Zn (expressed as percent of the sum in all
fractions) for each sampling date (0, 3, 6, and 9 months) in the soil
without biochar (CT), with woody biochar (BW), with biochar
made fromMiscanthus cultivated on uncontaminated soil (BuM),

and with biochar made from Miscanthus cultivated on contami-
nated soil (BcM) (F1: exchangeable, water- and acid-soluble frac-
tion; F2: reducible fraction; F3: oxidizable fraction; F4: residual
fraction) (n = 3)

Fractions
F1 F2 F3 F4

0 month CT 42.7 ± 0.6 B 38.0 ± 0.9 A 8.0 ± 0.2 A 11.4 ± 0.3 A

3 months CT 40.2 ± 0.6 Aa 43.9 ± 0.4 Ca 6.3 ± 0.5 Aa 9.6 ± 0.5 Aa

BW 40.3 ± 0.5 a 42.9 ± 0.7 a 6.3 ± 0.3 a 10.5 ± 0.8 a

BuM 41.8 ± 0.8 a 42.1 ± 0.2 a 5.8 ± 0.5 a 10.4 ± 0.4 a

BcM 40.7 ± 1.6 a 42.2 ± 1.5 a 5.9 ± 0.7 a 11.1 ± 0.7 a

6 months CT 40.2 ± 1.1 Aa 41.4 ± 1.8 Bca 7.1 ± 1.4 Aa 11.3 ± 1.5 Aa

BW 39.2 ± 0.6 a 42.4 ± 0.7 a 6.9 ± 1.7 a 11.5 ± 1.5 a

BuM 39.8 ± 0.1 a 42.7 ± 2.0 a 7.6 ± 1.7 a 9.8 ± 1.2 a

BcM 40.2 ± 0.2 a 41.8 ± 2.0 a 8.0 ± 1.4 a 10.0 ± 1.2 a

9 months CT 40.2 ± 0.7 Aa 41.0 ± 0.4 Ba 7.9 ± 0.7 Aa 10.9 ± 1.2 Aa

BW 39.3 ± 1.2 a 39.6 ± 1.8 a 8.2 ± 0.2 a 12.8 ± 1.2 a

BuM 38.6 ± 0.6 a 42.4 ± 1.1 a 7.2 ± 1.9 a 11.9 ± 1.9 a

BcM 38.7 ± 1.1 a 42.2 ± 2.8 a 7.8 ± 1.7 a 11.3 ± 1.2 a

Capital letters compared the control between the different sample times. Lowercase letters compared the different treatments at each sample
times. Different letters correspond to values statiscally different (p < 0.05)
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CEC, CaCO3 content), and it is known that metal
fractionation is dependent on soil parameters (Lasat
2000; Gleyzes et al. 2002). Lastly, the input of bio-
chars did not significantly change the Zn fraction-
ation in the soil over the time.

Several studies evaluated the impacts of biochars on
metal distribution and obtained results contradicting
those found in this study. A decrease in the metal con-
tents in the F1 fraction was generally observed follow-
ing biochar amendments (chicken manure- and green
waste-derived biochars (5% (w/w)), rice straw biochar
(3–5% (w/w)), and wine lees biochar (0.5–1% (w/w)))
(Park et al. 2011a; Jiang et al. 2012; Zhu et al. 2015).
However, these results were obtained for acidic soils,
and therefore, the conversion of the metal exchangeable
fraction in less available forms can be for the most part
explained by the increase in soil pH following biochar
addition. Nevertheless, for alkaline soils, Zhao et al.
(2016) also reported a reduction in the Cd F1 fraction
following biochar addition at an application rate equal to
5, 10, and 15% (w/w). In their study, despite an initial
alkaline pH (pH = 8.06), an increase in the soil pH
following biochar addition at these three application
rates was observed, probably explaining the decrease
in the F1 fraction percentage. This hypothesis is sup-
ported by the study conducted by Zhang et al. (2016),
who showed that the Zn and Cd availability in alkaline
soil, measured with EDTA mixture, did not decrease
following biochar addition. The authors explained these
results by the lack of a significant increase in the pH of
soils treated with all kinds of biochars. Moreover, the
application rates used in their study were much higher
than those used in the present study. Since it is known
that the application rate has an impact on biochar effects
(Houben et al. 2013; Bopp et al. 2016; Zhao et al. 2016),
this factor might also be an explanation for the absence
of an effect following biochar amendment.

Metal bioaccessibility

The results of Cd, Pb, and Zn bioaccessibility in the
gastric (G) and gastrointestinal (GI) phases are present-
ed in Fig. 2.

For the four conditions, in the gastric phase, the
percentage of bioaccessibility ranged from 81 to 99%
for Cd, 81 to 100% for Pb, and 54 to 62% for Zn.
Therefore, the most bioaccessible metals in this soil
are Cd and Pb, followed by Zn. The difference of
bioaccessibility between the three metals is most likely

due to the different chemical forms in which the metals
are bound to the soil’s constituents (Pelfrêne et al. 2011).

Concerning Cd, an increase in bioaccessibility from
87 to 96% was observed at 3 months compared to the
initial time in the unamended soil. At 6 and 9 months,
Cd bioaccessibility returned to a value similar to the
initial time. The input of biochars modified Cd bioac-
cessibility in the gastric phase: (1) at 3 months, the BW
and BuM biochars decreased the percentages from 96%
in the unamended soil to 92 and 89%, respectively, and
(2) at 9 months, differences were observed between the
three biochars: bioaccessibility was statistically higher
with BuM (92%) than with BWand BcM (83 and 84%,
respectively).

Bioaccessibility increased from 91 to 99% at
3 months for Pb in the unamended soil and remained
on the same order of magnitude at 6 and 9 months. The
biochar amendments did not modify Pb bioaccessibility
at 3 and 6 months, but a decrease from 98 to 94% was
observed at 9 months with BcM compared to the con-
trol. Once again, statistical differences were observed
between BuM and BcM, with percentages equal to 99
and 94%, respectively.

Lastly, a time effect was observed in the unamended
soil at 3 and 9 months by decreasing Zn bioaccessibility
from 61% (unamended soil) to 59 and 58%, respective-
ly. The reduction in bioaccessibility might be correlated
with the decrease observed in the F1 fraction of the
sequential extraction (5.6%) over time. An effect of
biochar amendment was observed at 3 months with
BW, which decreased the Zn percentage from 59 to
56%. In contrast, at 6 months, BW did not modify Zn
bioaccessibility, while BuM and BcM decreased Zn
bioaccessibility from 63 to 56 and 57%, respectively.
At 9 months, BuM increased the bioaccessibility per-
centage from 58 to 63% (compared with the unamended
soil). Moreover, bioaccessibility was lower with BW
(57%) and BcM (55%) than with BuM (63%).

For the gastrointestinal phase in the four conditions,
bioaccessibility ranged from 39 to 51%, 12 to 25%, and
13 to 17% for Cd, Pb, and Zn, respectively. As in the
gastric phase, the most bioaccessible metal was Cd,
following by Pb and Zn.

The Cd bioaccessibility in the gastrointestinal
phase significantly decreased from 46 to 42% for
the unamended soil at 9 months, highlighting the
impact of time and watering on oral bioaccessibility.
Moreover, impacts of biochars on bioaccessibility
were also demonstrated: (1) at 3 months, with a lower
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Cd percentage for BuM (39%) compared to BW
(47%); (2) at 6 months with lower bioaccessibility
for the soil amended with BcM (from 47 to 41%); and
(3) at 9 months, where the amendment with BuM

(53%) increased the Cd percentages compared to
CT (42%), BW (41%), and BcM (47%).

Contrary to Cd, higher Pb percentages were ob-
served at 6 and 9 months for CT, with increases from
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Fig. 2 Cd, Pb, and Zn oral bioaccessibility in the gastric (G) and
gastrointestinal (GI) phases (results expressed as the percentage of
the pseudototal soil trace element concentrations) for the non-
amended soil (CT) and the soil amended with the woody biochar
(BW), the biochar made from Miscanthus cultivated on uncon-
taminated soil (BuM), and the biochar made from Miscanthus

cultivated on contaminated soil (BcM) (n = 3). Capital letters
compared the control between the different sampling times. Low-
ercase letters compared the different treatments at each sampling
times. Different letters correspond to values statiscally different
(p < 0.05)
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12% (0 month) to 26 and 17%, respectively.
Concerning the amendments, different trends were
observed for the three sampling times. At 3 months,
BW increased the Pb bioaccessibility from 15 to
23%. At 6 months, BcM decreased bioaccessibility
from 26 to 20%; in contrast, at 9 months, BuM
increased bioaccessibility from 17 to 22%.

As for Pb, the time and watering increased Zn bioac-
cessibility at 6 months from 14 to 17%, but then, at
9 months, the values became similar to the control at the
initial time. The two biochars made from miscanthus
decreased bioaccessibility at 3 months from 15 to 13%.
At 6 months, BW also decreased Zn percentages from
17 to 16%, and at 9 months, BuM increased the per-
centage from 14% (CT) to 17%.

Concretely, no clear trend was observed on oral
bioaccessibility following biochar amendments. These
results can be explained by the absence of biochar
effects on metal distribution in soil. Several studies
evaluated the influence of biochars on metal bioacces-
sibility. Despite using other oral bioaccessibility tests
(i.e., PBET, glycine extraction, and SBET), many stud-
ies also found no effect after adding biochar (Ahmad
et al. 2012; Uchimiya et al. 2012; Rizwan et al. 2016;
Cui et al. 2016). In addition to these hypotheses, the
application rate might also be a factor explaining the
absence of an effect. In this study, a 2% application rate
was used, while the majority of studies used higher
application rates (varying between 3 and 20% (w/w)).

However, differences were obtained between the two
biochars made from miscanthus. At 9 months, higher
bioaccessibility was always observed with BuM com-
pared to BcM for the three metals and the two phases.
There are two characteristics that can differentiate these
biochars: the pyrolysis conditions and the origin of the
feedstock used to produce these biochars. These two
biochars were both pyrolyzed at 600 °C but for 30 min
for BuM and 1 h for BcM. Several studies demonstrated
the influence of residence time on biochar characteris-
tics, with modification of the ash and volatile matter
content, the elemental composition, and even the pore
volume in biochar, for example (Peng et al. 2011; Wu
et al. 2012; Ronsse et al. 2013; Lin et al. 2016). There-
fore, modifying these characteristics might result in
different impacts on soil parameters, and consequently
on metal retention in soil. Indeed, the influence of
biochar characteristics on metal sorption has been prov-
en in several studies (Uchimiya et al. 2011; Kołodyńska
et al. 2012; Zhang et al. 2013). Uchimiya et al. (2011)

highlighted the influence of the surface functional
groups of biochars, related to their pH and oxygen
content, on their ability to retain metals (Ni, Cu, Pb,
Cd) in soils. Moreover, the diffusion of metals through
the macro- and micro-pores of biochars can also reduce
their mobility (Kołodyńska et al. 2012; Inyang et al.
2016). In the present study, BcM presented a higher O/
C ratio and SSA, which can explain the lower bioacces-
sibility measured with this biochar compared to BuM.
Moreover, for the three metals and the two phases
(except for Cd in the gastrointestinal phase), the soil
amended with BcM presented metal bioaccessibility
values similar to BW, a commercialized biochar. This
revealed no additional risks for metal bioaccessibility
linked to the use of the biochar produced with
miscanthus cultivated on contaminated soil. This high-
lights the possibility of using contaminated sites to
produce biochars for soil remediation and thus ensure
income from these lands that are now unusable for food
production.

Conclusion

The present study was conducted to determine and
compare the efficiency of three biochars produced with
different feedstock and pyrolysis processes on environ-
mental availability and oral bioaccessibility of Cd, Pb,
and Zn in a slightly alkaline soil. These results showed
that biochar application did not necessarily lead to lower
metal availability in the alkaline soil at the dose tested.
However, differences in efficiency between the three
biochars tested were highlighted, especially between
the two biochars made with Miscanthus × giganteus,
with lower efficiency for the biochar produced with
miscanthus cultivated on uncontaminated agricultural
soil. These differences were probably related to the
distinct pyrolysis process between the two miscanthus
biochars, which led to different biochar properties.
Moreover, similar results were obtained between the
biochar made with miscanthus cultivated on contami-
nated soil and the biochar made from wood. These
results showed the advantage of using biochars pro-
duced with biomass cultivated on contaminated soil,
thus showing that these sites, unusable for food produc-
tion, could possibly be developed. It would therefore be
interesting to pay greater attention to the use of biochars
made with biomass cultivated on contaminated soil to
remediate polluted soil while ensuring their harmless
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and nontoxic effects, especially for the soil’s living
organisms and plants.
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