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Abstract In situ stabilization of Cd, Pb, and Zn in anAustrian
agricultural soil contaminated by atmospheric depositions
from a smelter plant was assessed with a pine bark chip-
derived biochar, alone and in combination with either compost
or iron grit. Biochar amendment was also trialed in an uncon-
taminated soil to detect any detrimental effect. The pot exper-
iment consisted in ten soil treatments (% w/w): untreated con-
taminated soil (Unt); Unt soil amended with biochar alone
(1%: B1; 2.5%: B2.5) and in combination: B1 and B2.5 +
5% compost (B1C and B2.5C), B1 and B2.5 + 1% iron grit
(B1Z and B2.5Z); uncontaminated soil (Ctrl); Ctrl soil
amended with 1 or 2.5% biochar (CtrlB1, CtrlB2.5). After a
3-month reaction period, the soil pore water (SPW) was sam-
pled in potted soils and dwarf beans were grown for a 2-week
period. The SPW Cd, Pb, and Zn concentrations decreased in

all amended-contaminated soils. The biochar effects increased
with its addition rate and its combination with either compost
or iron grit. Shoot Cd and Zn removals by beans were reduced
and shoot Cd, Pb, and Zn concentrations decreased to com-
mon values in all amended soils except the B1 soil. Decreases
in the SPW Cd/Pb/Zn concentrations did not improve the root
and shoot yields of plants as compared to the Ctrl soil.
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Introduction

Several hundred years of smelting and processing of mining
ores have caused widespread pollution of field areas around
the industrial site of Arnoldstein in Carinthia, Austria (Asami
1988), where the Zn/Cd/Ge smelter closed in 1992. The sur-
rounding soils used for housing (playgrounds), horticulture,
forestry, and alpine grassland agriculture with pastures and
feed production are contaminated by Pb, Cd, and Zn and, to
a lesser extent, Cu and As (Friesl et al. 2006; Friesl et al.
2009). Such soil contamination by trace elements (TE) gener-
ated detrimental effects on the ecosystems with TE transfer
from the soil to the environment. Although Cu and Zn con-
centrations were under homeostatic control, high Pb and Cd
concentrations were measured in arthropods species (Rabitsch
1995). High Pb concentration occurred in blood and teeth of
inhabitants living nearby the smelter (Kasperowski 1993).
Metal concentrations (mg kg−1) were high in Zea mays L.
shoot, i.e., Pb 54, Zn 286, and Cd 2.73 (Friesl et al. 2006).
Based on the Austrian Federal Environmental Agency, the
restoration of such contaminated soils was needed
(Kasperowski 1993; Rabitsch 1995).
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To phytomanage agricultural TE-contaminated soils, in situ
stabilization of the labile TE pools in excess in the soil com-
bined with the use of TE excluder cultivars of high yielding
crops is one of the gentle remediation options (GROs; Kidd
et al. 2015). It relies on soil amendments to (1) improve sub-
strate bio-physicochemical properties (e.g., organic matter and
nutrient contents), (2) immobilize TE in the solid phases
preventing water-soluble TE migration from the root zone,
(3) limit exposure to contaminants and detrimental effects on
living organisms, (4) promote safe crops and other vegetation
covers, and (5) stimulate ecological restoration of soil process-
es and functions in line with ecosystem services (Mench et al.
2010; Bolan et al. 2014). Soil amendments can lead to immo-
bilize Pb, Cd, and Zn in the solid phase by one or more of the
following processes, i.e., sorption, precipitation, complexa-
tion, ion exchange, and redox process, thereby decreasing
their mobility and bioavailability (Kumpiene et al. 2008).
Input of conventional organic matter (OM) such as compost,
paper mill waste and sewage sludges can (1) form
immobilized complexes between organic ligands and metals,
(2) improve soil texture and structure, (3) increase nutrient
status and water retention, and (4) change soil pH. Inorganic
soil amendments such as clays, liming materials, phosphate
minerals, and Fe-, Mn-, and Al oxides are effective for
immobilizing Cd, Pb, and Zn (Kumpiene et al. 2008).
Newly Fe/Mn (hydr)oxides formed after iron grit (Fe(0)) cor-
roded in the soil can reduce the available fraction of metal(-
loid)s and lower the risks associated with their leaching and
ecotoxicity (Komarek et al. 2013; Tiberg et al. 2016).

Several GROs have been tested in the Pb/Zn-contaminated
soils of Arnoldstein. Apatite and a commercial mixture of
dolomite, diatomite, smectite basaltic tuff, bentonite, alginate,
and zeolite (Slovakite) efficiently stabilized and decreased the
bioavailability of Pb, Zn, Cu, and Cd (Tica et al. 2011). This
amendment also improved microbial activities and the func-
tional status of the contaminated soil. In a field trial, gravel
sludge and red mud were effective after 5 years for
immobilizing Cd, Pb, and Zn (1 M NH4NO3-extractable frac-
tions reduced up to 99%) and to limit contaminant uptake by
barley (Hordeum vulgare. L., spp. distichon; Friesl et al.
2009). Gravel sludge and siderite bearing material reduced
extractable (NH4NO3) Zn and Pb concentrations and maize
uptake (Touceda-González et al. 2015).

Biochar amendment is another option for in situ stabiliza-
tion of TE-contaminated soils (Beesley and Marmiroli 2011;
Beesley et al. 2011; Oustriere et al. 2016a). Biochar is the solid
product derived from waste biomass pyrolysis, under mid to
low oxygen supply and high temperatures (Lehmann 2007;
Ahmad et al. 2014). Amending soils with biochar has gained
attention as: (1) it replenishes C stocks and improves long-
term C sequestration in soil (Sohi et al. 2010; Atkinson et al.
2010; Kookana et al. 2011); (2) it can increase soil fertility,
plant growth and root proliferation by improving soil

structure, porosity and physicochemical properties, nutrient
and water availability, and microbial communities able to de-
grade xenobiotics (Rizwan et al. 2016); and (3) it can reduce
leaching and phytoavailability of TE in contaminated soils
(Park et al. 2011). However, all these potential gains depend
on the biochar quality (Oustriere et al. 2016a).

Several experiments explained the decrease in Cd, Pb, and
Znmobility and phytoavailability in biochar-amended soils by
increase in soil pH and CEC, adsorption of metal-complexing
DOM, and electrostatic interactions between the positively
charged metal ions and negative charges associated with
delocalized π-electrons on aromatic structures of biochar
(Beesley and Marmiroli 2011; Uchimiya et al. 2010a;
Karami et al. 2011): e.g., sugarcane biochar, Cd/Pb/Zn,
Mucuna aterrima (Piper & Tracy) Holland, Zn-contaminated
mine soil (Puga et al. 2015a); bamboo and rice straw biochars,
Cd/Cu/Pb/Zn, Sedum plumbizincicola L. (Lu et al. 2014).
Biochar amendment reduced the extractability and bioavail-
ability of Cd, Zn, and Pb in a soil contaminated by atmospher-
ic depositions (Houben et al. 2013a, b), but root-induced acid-
ification of the rhizosphere counteracted the liming effect of
biochar and, in turn, suppressed short-term metal immobiliza-
tion (Houben and Sonnet 2015). Miscanthus-derived biochar
increased soil pH of a contaminated sewage field and reduced
Zn and Cd concentrations in the soil solution whereas those of
Pb and Cu increased due to soluble complexes with dissolved
organic matter (DOM) (Wagner and Kaupenjohann 2015). In
the Arnoldstein soil, addition of poplar-derived biochar de-
creased the (NH4NO3) extractable fraction of Pb, Zn, and Cd
but metal concentrations in the shoots of Lolium multiflorum
Lam. 1779 did not decrease (Karer et al. 2015).

According to Beesley and Marmiroli (2011), the combina-
tion of compost and iron oxides with biochar may be more
suitable than biochar alone to promote TE immobilization and
buffer nutrient depletion in contaminated soils. Compost com-
bined with biochar may improve total soil C, N, and P; stabi-
lize soil aggregates; and stimulate microorganisms (Beesley
et al. 2010; Sizmur et al. 2011; Schulz et al. 2013; Rodríguez-
Vila et al. 2015). Depending on ligand types, pH, surface
properties of the oxides and ligand/metal(loid) ratio, Fe/Mn/
Al (hydr)oxides can promote metal(loid) adsorption
(Komarek et al. 2013; Tiberg et al. 2016). Biochar combined
with iron grit could reduce the water-soluble soil fraction of
metals and thus the pollutant linkages associated with their
leaching and ecotoxicity (Wagner and Kaupenjohann 2015).
The potential gains of adding biochar with either compost or
iron grit as compared to biochar alone in metal-contaminated
soils remain poorly documented. This pot experiment aimed
at assessing the efficiency of a biochar derived from pine bark
chips, alone and in combination with either compost or iron
grit, to stabilize Cd, Pb, and Zn in an agricultural, contaminat-
ed soil from the Arnoldstein area. Metals in the soil pore water
and soil phytotoxicity on dwarf beans (Phaseolus vulgarisL.),
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reported as root and shoot dry weight (DW) yields and Pb, Cd,
and Zn uptake by plants, were determined.

Material and methods

Soils and amendments

The soil was sampled nearby (300 m) the former metal smelter
located at Arnoldstein, Carinthia, Austria (latitude 46° 33′
13.74″; longitude 13° 41′ 23.70″, Table 1). This smelting activ-
ity goes back to 500 years, and the site has continuously expe-
rienced Cd, Zn, and Pb (and in a lesser extent Cu and As)
atmospheric depositions. Topsoil (Unt, 0–15 cm; Leptosol,
100 kg) was collected from grassland at the subsite ARN-D
(Touceda-González et al. 2015), air-dried for 2 weeks at ambient
temperature, sieved to 5 mm, and manually homogenized. Its
texture is sandy, i.e., 43% sand, 22% clay, and 35% silt, with
3.5% organic C and slightly acidic pH (i.e., 6; Table 1). Based
on guideline values for agricultural production (Austrian
Standard S 2088-2), it is mainly contaminated by Pb, Zn, and
Cd, and in a lesser extent by Cu and As (Table 1). An uncon-
taminated sandy topsoil (Ctrl, pH 7.9, 0–20 cm) was collected in
a kitchen garden, Gradignan, Gironde, France. The biochar (B)
was a commercial product (Florentaise, Saint-Mars-du-Désert,
France; pyrolysis 180 s at 420 °C) derived from pine bark chips.
It was crushed, sieved to 2 mm and manually homogenized. In
our experiments, soluble salts were not removed from the bio-
char. Commercial grade compost (C), made of green wastes for
9 to 12 months, was obtained from Gonzales frères, Martignas
sur Jalle, France. Zerovalent iron grit (Z, GH120, particle size
<0.1 mm) was obtained from Wheelabrator Allevard, France
(Bes and Mench 2008). Amended soils were thoroughly ho-
mogenized in large plastic containers and individually prepared
prior to use. Elemental composition, carbon content and PAH
concentrations of biochar and compost were determined at the
INRA Laboratoire d’Analyses des Sols (LAS, Arras, France)
with standard methods (INRA LAS, 2011) (Table 2).

Experimental setup

The contaminated soil was mixed by rotation in a plastic flask
with 1 or 2.5% (w/w) of biochar, alone and in combination
with either compost or iron grit, based on Bes and Mench
(2008) and Oustriere et al. (2016a). The uncontaminated soil
was similarly mixed only with 1 or 2.5% (w/w) of biochar.
Therefore, the pot experiment included ten treatments:

1. Untreated contaminated soil (Unt)
2. Unt soil + 1% B (B1)
3. Unt soil + 1% B + 5% C (B1C)
4. Unt soil + 1% B + 1% Z (B1Z)
5. Unt soil + 2.5% B (B2.5)

6. Unt soil + 2.5% B + 5% C (B2.5C)
7. Unt soil + 2.5% B + 1% Z (B2.5Z)
8. Uncontaminated soil (Ctrl)
9. Ctrl soil + 1% B (CtrlB1)

10. Ctrl soil + 2.5% B (CtrlB2.5)

Untreated and amended soils were potted in plastic pots (1 kg,
11 × 11 × 11 cm3, 1.3 L, in triplicates) and randomly placed in a
greenhouse under controlled conditions. One Rhizon MOM
moister samplers (Eijkelkamp Agrisearch Equipment,
The Netherlands) was inserted with a 45° angle into each potted
soil. Before sowing, amendments were allowed to react for a 3-
month periodwith the soils, pots beingmanuallymaintained five
times a week at 65% of the water holding capacity (WHC) with
deionized water.

The plant test was adapted from Ruttens et al. (2006) (mod-
ified protocol from ISO 11269-2, ISO 2012). In June, four
seeds of dwarf beans (P. vulgarisL. cv. Skipper, Vilmorin) were
sown in all pots. Plants were cultivated during 15 days with
controlled conditions (16/8-h light/darkness; 65 ± 5% relative
humidity; 25 ± 2 °C) in the greenhouse. Potted soils were daily
watered (deionized water) to maintain a 65% WHC rate. After
2 weeks, the shoots and roots were harvested, washed twice
with deionized water, blotted with filter paper, placed in paper
bags and oven dried at 60 °C to constant weight for 72 h, and
then weighed for determining the shoot and root DW yields.

Plant and soil pore water analysis

For each pot, dried shoots of the four plants were pooled,
ground (<1-mm particle size, Retsch MM200) then weighed
aliquots (0.5 g DW) were wet digested under microwaves
(CEM Marsxpress 1200 W) with 5 mL supra-pure 14 M
HNO3, 2 mL 30% (v/v) H2O2 not stabilized by phosphates
and 1 mL Milli-Q water. Certified reference material
(BIPEA maize V463) and blank reagents were included in
all series. Mineral composition (Al, As, B, Cd, Ca, Cr, Co,
Cu, Fe, Mg, Mn, Mo, Ni, P, Pb, K, Na, and Zn) in digests was
determined by ICP-MS (Thermo X series 200, INRA
USRAVE laboratory, Villenave d’Ornon, France). All ele-
ments were recovered (>95%) according to the standard
values and standard deviation for replicates was <5%. All
element concentrations in plant parts are expressed in mg or
g DW kg−1. The shoot metal (Me) removal was calculated as
follows, using the mean shoot value of the four plants: Me
(μg plant−1) = shoot DWyield (g plant−1) × shoot Me concen-
tration (μg g−1 DW).

The soil pore water (SPW) was collected after plant harvest
(day 14) in all potted soils (two times 10 mL with a 3-day
interval) using the Rhizon samplers and samples kept at 4 °C
prior to their analysis. The pH (Hanna instruments, pH 210,
combined electrode Ag/AgCl – 34), redox potential (Eh) and
electrical conductivity (EC) (Tetracon 325 WTW), and Cu2+
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concentration (Cupric ion electrode, Fischer Bioblock, USA)
of SPW samples were measured, and their element composi-
tion (same elements as for plant ionome) analyzed by ICP-MS
(Thermo X series 200) or ICP-AES (Varian Liberty 200) at the
INRA USRAVE laboratory, Villenave-d’Ornon, France.

Statistical analysis

Influence of soil treatments on SPW parameters, shoot DW
yields, shoot ionome, and element removals of plants were
tested using one-way analysis of variance (ANOVA).

Normality and homoscedasticity of residuals were met for
all tests. When significant differences occurred between treat-
ments, multiple comparisons of mean values were made using
post hoc Tukey HSD tests. Differences were considered sta-
tistically significant at p < 0.05. When element concentrations

Table 1 Main soil properties.In italic, values exceeding the
background levels in French sandy soils

Parameter Arnoldstein
soil

Control
soil

Background
levelsa

pH 6 7.9 6.6

CEC 12 16

Total CaCO3 (g kg−1) <1 –

Organic matter
(g kg−1)

60 4

Organic C (g kg−1) 35 – 15

Total N (g kg−1) 3.5 2.9

C/N 10 14 10

P2O5 (g kg
−1) 0.02 –

Texture (g kg−1)

Sand 430 665 ≥650
Silt 350 155 ≤350
Clay 220 180 ≤180

Nutrients (g kg−1)

Ca 0.04 0.1

Mg 0.07 0.01

Na 0.07 –

K 0.3 0.2

Fe 0.4 0.07

Mn 0.2 0.2

Total TE (mg kg−1)

Cr 71 8.3

Cu 96 22 60

Ni 46 6.6 –

Zn 1110 75 300

Pb 1300 24 100

Cd 9 0.3 1

Mo 2.9 1.4 –

As 47 6.6 1–25b

a According to frequent total concentrations in French sandy top soils and
Austrian Standard S 2088-2 (Baize 1997; Baize 2000; Villanneau et al.
2008, INDIQUASOL 2016)
b Frequent total As concentrations for all French soil types (Bes and
Mench 2008)

Table 2 Composition of soil conditioners

Biochar
(B)

EBCa IBIb Compost
(C)

Iron grit
(Z)

pH 9.9 – – 7.5

CEC
(cmol kg−1)

1.2 – – 27

Major
elements
(%DW)
H 0.8 – – –

Total N 0.3 – – 0.7

S 0.03 – – –

Cl 0.01 – – –

Organic C 90 >50% Class 1,
≥60%;
class 2,
[30–60%-
]; class 3,
[10–30%]

11

Nutrients
(g kg−1)
Ca 19 – – 23

K 14 – – 5.4

Mg 30 – – 1.9

Na 0.4 – – –

P 0.1 – – 0.4

Elements
(mg kg−1)
Al 1650 – – 12,700 600

As 0.5 – 12–100 4.5 70

Cd <0.5 1 1.4–39 <0.5 0.03

Cr 46 80 64–1200 21 3500

Cu 230 100 63–1500 86 1010

Mn – – – – 7710

Fe 4470 – – 6830 973,000

Ni 28 30 47–600 8.0 739

Pb 2.6 120 70–500 51.5 20

Zn 51 400 200–7000 174 104

In bold, values exceeding the European Biochar Certificate (EBC) V4.8
threshold values
a Following Switzerland’s Chemical Risk Reduction Act (ChemRRV) on
recycling fertilizers
b Range of maximum allowed threshold values reflects different soil tol-
erance levels for these elements in compost, biosolids, or soils established
by regulatory bodies in the USA, Canada, EU, and Australia (see
Appendix 3 of the IBI Biochar Standards for further information)
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were below the detection limits in the UNTsamples, influence
of soil treatments were not statistically tested. All statistical
analyses were performed using R software (version 3.0.3,
Foundation for Statistical computing, Vienna, Austria).

Results and discussion

Soil pore water

EC, pH, and nutrient concentrations (Table 3)

Except for the B1 treatment, the SPWEC significantly decreased
in all amended soils, with lowest values in the B2.5Z and B2.5
soils. These lower EC values likely arose from (co-)precipitation
or sorption of divalent cations on biochar and compost surface, as
suggested by the significant decrease of SPW Ca and Mg con-
centrations in the B2.5 and B2.5Z soils (i.e., 2- and 3-fold as
compared to the Unt soil). In previous studies, decrease in leach-
ate concentrations of divalent cations was attributed to the in-
creased CEC of biochar-amended soils (Lehmann et al. 2003;
Ding et al. 2010; Bakshi et al. 2014). In contrast, the SPW con-
centrations of K and Na increased with the biochar and compost
loading rate. The SPWK concentrations were 3–4-fold higher in
amended soils than in the Unt soil. The SPW Na concentration
was slightly enhanced in all amended soils albeit not significant-
ly. Gain in K+, Na+, and NH4

+ concentrations following biochar
addition to contaminated sandy soils was previously reported
(Bakshi et al. 2014). The SPW P concentration was below the
detection limit (<0.2 mg L−1) in all treatments. The SPW pH
increased significantly from 6.2 (Unt) to 6.9 (B2.5C) in the in-
creasing order: Unt <B1=B1Z<B2.5Z =B2.5≤B1C=B2.5C.
Such increase was likely due to the biochar alkalinity (Table 2).
Biochar combined with compost led to the highest SPW pH
value, in line with Beesley et al. (2010, 2014).

As, B, and Mo concentrations (Table 3)

Increase in soil pH after biochar and compost addition was
correlated with enhanced SPWAs, B, and Mo concentrations
in the B1C, B2.5, and B2.5C soils, i.e., from 0.8 (Unt) to 1.8
(B2.5C) μg As L−1, 42 (Unt) to 56 (B1C) μg B L−1, and <0.4
(Unt) to 1.3 (B2.5C) μg Mo L−1, these elements forming
oxyanions. However, these concentrations remained low com-
pared to their values in the Ctrl soil. In the Arnoldstein soil,
increased As concentration in the labile pool correlated with
increasing soil pH following red mud and triple superphos-
phate amendment (Friesl et al. 2004, 2006). Beesley et al.
(2011) found also an enhanced As mobility with increasing
soil pH after biochar amendment. Authors postulated that oth-
er oxyanions would behave similarly. Riedel et al. (2015)
reported a higher release of U, W, and Mo oxyanions in soil
leachate of biochar-amended soils with increasing pH.

Biochar combined with Z, despite increased soil pH did not
enhance the SPWAs, B, and Mo concentrations. The As, B,
and Mo oxyanions have high affinity for Fe (hydr)oxides and
may have been sorbed by the newly formed Fe and Mn
oxyhydroxides after iron grit corroded in the Z-amended soils
(Kumpiene et al. 2008; Komárek et al. 2013).

Cd, Pb, and Zn concentrations (Fig. 1A, C, E)

The SPW Cd, Pb, and Zn concentrations dropped in all
amended soils, ranging (μg L−1) from 12 to 0.7 for Cd, 7.4
to <0.8 (dl) for Pb, and 600 to 7.6 for Zn in the Unt and B2.5Z
soils, respectively. These decreases after biochar addition
agreed with previous studies: incorporation of sugarcane
straw-derived biochar decreased the DTPA-extractable con-
centrations of Cd, Pb, and Zn in a Zn mining soil, Vazante
(Minas Gerais, Brazil, Puga et al. 2015a, b). A sewage sludge-
derived biochar reduced the 0.1 M CaCl2-extractable Cu, Ni,
Zn, Cd, and Pb concentrations in a sandy Mediterranean ag-
ricultural Cambisol (Méndez et al. 2012). Here, reductions of
SPW Cd, Pb, and Zn concentrations were not significant for
1% biochar addition but decreases became significant for the
C and Z combinations at both application rates of biochar.
Decrease in 0.01M CaCl2-extractable Cd, Zn, and Pb concen-
trations with increasing concentrations ofMiscanthus-derived
biochar (1, 5, and 10%)was reported for a metal-contaminated
soil nearby Zn and Pb smelters (Houben et al. 2013 a, b).
Regarding additional benefit of compost on metal sorption
in biochar-amended soils, incorporation of hardwood-
derived biochar combined with greenwaste compost into a
multicontaminated soil decreased more Cd, Pb, and Zn con-
centrations in the SPW than biochar alone (Beesley et al.
2014). Compost combined with biochar reduced more the
Cu, Ni, Pb, and Zn mobility in a contaminated mine soil than
biochar alone (Rodríguez-Vila et al. 2015).

Interactions between biochar-amended soils and metals are
complex, and the possible mechanisms are as follows: (1) elec-
trostatic interactions with negatively charged surfaces on soil
particles activated by the pH increase, (2) specific metal-ligand
complexation involving surface functional groups of biochars (in
particular O, P, S, and N functional groups) that may or not
involve cation exchange, and (3) sorptive interactions between
cations and aromatic π electronic systems from C=C bounds of
biochars (Uchimiya et al. 2010b; Zhang et al. 2013).

Despite high total soil Pb (Table 1), the SPW Pb concen-
trations remained low (i.e., 7.4 μg L−1, Unt) in all treatments
(Fig. 1C), below the Ctrl value (i.e., 7.6 μg L−1) and in the low
concentration range reported in the literature (Table 3). Above
pH 6, Pb may form hydroxide and oxide precipitates, e.g.,
Pb3(OH)4

2+, Pb6O(OH)6
4+, and PbO, controlling soil Pb sol-

ubility (Hale et al. 2012). Chelation by organic matter (OM),
sorption on Fe, Al, and Mn (hydr)oxides or precipitation of
metal hydroxides can immobilize Pb in the soil (Bolan et al.
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2014). For this Arnoldstein soil, Friesl et al. (2006, 2009)
reported increased soil pH can promote Pb retention in the soil
solid phase thus decreasingNH4NO3-extractable Pb. Here, the
SPW Pb concentration decreased as SPW pH raised up to 6.7
(Fig. 2B) and with the biochar addition rate (Fig. 1C). A part
of water-soluble Pb may precipitate as metal oxy(hydr)oxides
or form soluble complexes with the dissolved organic matter
(DOM) provided by the biochar and compost addition into the
Unt soil (Beesley et al. 2014) as Pb can strongly associate with

oxygen-containing functional groups of DOM (Kargar et al.
2015; Wagner and Kaupenjohann 2015). Such Pb
oxy(hydr)oxides and Pb-DOM complexes can be retained on
biochar surface (Zhang et al. 2013). The SPW Pb concentra-
tion slightly increased in the B2.5C treatments (i.e., 2.6 μg
Pb L−1) compared to the B1C treatments (i.e., <0.8 μg Pb L−1,
Fig. 1C). Formation of DOM increases when pH is higher
than 5.5 (Bravin et al. 2012). Due to increase in SPW pH
and high OM input by biochar (2.5%) and compost (5%),

(A)

(C)

(E)

(B)

(D)

(F)

Fig. 1 (a, b) Cd, (c, d) Pb, and (e,
f) Zn concentrations (μg L−1) in
the soil pore water (a, c, e) and in
the shoots of dwarf beans
(mg kg−1) (b, d, f) after the 15-day
growth period in the Arnoldstein-
contaminated soil (Unt, black
hatch), amended with 1 or 2.5%
of biochar, alone (light gray), and
in combination with either com-
post (dark gray) or iron grit
(black). Dashed lines indicate the
SPWelement concentration in the
control soil. Mean values per
treatment (n = 3; n = 6 for Unt).
Values with different letters differ
significantly (one-way ANOVA,
p value <0.05)
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organic complexes might increasingly dissolve which may
lead to a competition between DOM and Pb hydroxides or
DOM-Pb complexes for retention on biochar surfaces
(Beesley et al. 2014). The DOM may cloak the biochar pores
preventing the sorption of elements (Bolan et al. 2010; Cao
et al. 2011). This effect may depend on the soil ability to retain
DOM, which is important to preserve the long term efficiency
of amendments and avoid Pb leaching out of the root zone.
The lower Pb mobility in soils amended by biochar (2.5%)
plus iron grit compared to biochar (2.5%), alone or with com-
post, may be attributed to the sorption of inorganic Pb- or
DOM-Pb complexes by newly formed Fe and Mn
oxyhydroxides (Kumpiene et al. 2008). A strong Pb sorption
onto ferrihydrite has been reported in the Arnoldstein soil
(Friesl et al. 2006).

High SPWCd and Zn concentrations (Fig. 1) reflected their
total concentrations in the Unt soil (Table 1). Their values
exceeded those of the Ctrl soil in all treatments except for
the SPW Zn concentration in the B2.5Z soil. In the amended
soils except B1, values were in the low range as compared to
the literature (Table 3). Potential mechanisms for explaining
decreased SPW Cd and Zn concentrations in the amended
soils are as follows: surface complexation of Cd and Zn on
biochar functional groups in line with increase in soil pH,
coprecipitation, inner-sphere complexation of metals (Cd,
Zn), and trace elements exchange with Ca2+ and Mg2+

(Chen et al. 2007; Sohi et al. 2010; Uchimiya et al. 2010b;
Zhang et al. 2013; Mohamed et al. 2015). Surface complexa-
tion of Cd/Zn through –OH groups or delocalized π electrons
of biochars was considered as a minor contribution (<25%;
Xu et al. 2013). The liming effect of biochar and compost
addition was suggested (R2 0.79 and 0.78, respectively;
Fig. 2A, C), confirming Beesley et al. (2010). In the
Arnoldstein soil, decreases in water-soluble and/or exchange-
able Cd/Zn fractions were partly attributed to pH increase after
addition of Slovakite and apatite (Tica et al. 2011), synthetic
zeolite and ferrihydrite-bearing amendments (Friesl et al.
2006), poplar derived-biochar, gravel sludge with siderite-

bearing material and lime (Karer et al. 2015). Increase in
SPW pH may result in Cd and Zn hydrolysis species
(CdOH+ and ZnOH+), which may precipitate as hydroxides
(Cd (OH)2) and (Zn (OH)2) (Melo et al. 2016). Here, such
mechanisms may occur to a limited extent as the soil pH
was below 7 and such species are mainly formed at alkaline
pH (Uchimiya et al. 2010b). Friesl et al. (2006) found a Cd
and Pb immobilization in the Arnoldstein soil after gravel
sludge with ferrihydrite addition due to their chemisorption
onto the Fe oxides. Accordingly, additional decrease of SPW
Cd, Pb, and Zn concentrations was expected in the B1Z and
B2.5Z soils as compared to biochar alone to mirror the poten-
tial metal sorption on Fe/Mn oxyhydroxides (Kumpiene et al.
2011; Komarek et al. 2013), but this was only validated for Cd
in B1Z and Pb in B2.5Z (Fig. 1A, E).

Al, Cr, Co, Cu, Fe, Mn, and Ni concentrations (Table 3)

The SPW concentrations (μg L−1) decreased from 68 (Unt) to
<20 in all amended soils for Mn and from 4 (Unt) to 1 (B2.5
and B2.5C) for Ni, in line with increased in SPW pH. In all
soils, SPWAl, Cr, Co, Cu, and Fe concentrations were below
their detection limit of <0.05, <0.2, <0.2, <8, and <20 μg L−1,
respectively. All concentrations of these elements were similar
or below the values in the Ctrl soil.

Plants

Plant growth parameters (Fig. 3)

Root and shoot DW yields of the Unt plants were lower as
compared to the Ctrl plants albeit not significantly. The
amendments did not significantly influence the plant yield,
despite they reduced bean exposure to Cd and Zn (Fig. 1).
Root DW yield decreased in the biochar-amended Ctrl soil
albeit not significantly. The stimulation lack on biomass pro-
duction after amendment of Cd-, Pb-, and Zn-contaminated
soils was previously reported regardless the type of plants,

(A) (B) (C)

Fig. 2 Relationships between (a) Cd, (b) Pb, and (c) Zn concentrations
(μg L−1) in the soil pore water of the Arnoldstein-contaminated soil (Unt,
black dots), amended with 1% (stars) or 2.5% (squares) of biochar, alone

(light gray), and in combination with either compost (dark gray) or iron
grit (black) and pH in the soil pore water. The correlation coefficient was
donated by the R software

Environ Sci Pollut Res (2017) 24:7468–7481 7475



biochar and application rate: straw-derived biochar (1.5–5%
w/w) did not increase the shoot DW yield of M. aterrima in a
Cd/Pb/Zn-contaminated mining soil (Puga et al. 2015a,b);
wood biochar (0.5–1.5%) did not influence the DW yield of
maize plants, in a (As, Cd, Cu, Pb, and Zn)-spiked soil
(Namgay et al. 2010); wheat chaff or oil mallee plant-
derived biochar (0.5 and 5%) did not improve the growth of
emergent wetland species Juncus subsecundusN.A.Wakef. in
a Cd-contaminated soil (Zhang et al. 2013b). Miscanthus-

derived biochar amendment (1, 5, and 10%) did not promote
DW yield of Italian ryegrass (L. multiflorum) grown in a soil
contaminated nearby Zn and Pb smelters (Houben et al.
2013a, b).

Plant nutrients (Table 4)

The SPW K and Na concentrations increased in all biochar-
amended soils (Table 3). Consequently, shoot Na concentrations
significantly increased for the B1C and B2.5C plants, while
shoot K concentration significantly increased in all amended
soils, being in the upper range of common values in plants (i.e.,
20–50 g K kg−1 DW). Such relationship was less evident for Ca,
Mg, and P. The SPWCa andMg concentrations decreased in the
biochar-amended soils, especially in the B2.5 and B2.5Z treat-
ments (Table 3). Consequently, shoot Ca concentrations signifi-
cantly decreased for the B1Z, B2.5, and B2.5Z plants and shoot
Mg concentration significantly fell in plants from all amended
soils, but all values remained in the common ranges for shoots
(i.e., 1–50 g Ca and 1.5–3.5 g Mg kg−1 DW). Antagonistic and
synergistic effects may alter plant ionome, as well as DW yield
and development stage (Wagner and Kaupenjohann 2014).
Increase of SPWand shoot K concentrations due to amendment
addition (Tables 3 and 4) may contribute to decrease shoot Ca
andMg concentrations (Jakobsen 1993). The shoot P concentra-
tion did not differ across treatments, and its values remained in
the common range for shoots (i.e., 1.6–6.0 g P kg−1 DW).
Combination of compost or iron grit with biochar did not have
an additional effect on shoot nutrient concentrations as compared
to biochar alone.

Shoot As, B, and Mo concentrations (Table 4)

The SPWAs, B, and Mo concentrations increased in the B1C,
B2.5, and B2.5C treatments (Table 3). Changes in shoot As, B,
and Mo concentrations across treatments however were mostly
insignificant. Only shoot Mo concentration in the B2.5C plants
was significantly higher than in the Unt plants, exceeding the
common range for shoots but remaining below Mo concentra-
tions in stressed plants (Tremel-Schaub and Feix 2005).

Shoot Pb concentrations and removals (Fig. 1D, Tables 4
and 5)

Shoot Pb concentration did not significantly change after soil
amendment except a decrease for the B2.5Z plants (Fig. 1D).
Shoot and SPW Pb concentrations were correlated in our soil
series (Fig. 1C). For all plants, the shoot Pb concentrations
were relatively close to or in their common range (Table 4,
Tremel-Schaub and Feix 2005). In the B2.5 soil, the shoot Pb
concentration is higher, albeit not significantly, than in the Unt
soil, this trend reflecting increase in SPW Pb concentration
(Fig. 1C). The shoot Pb removal (μg Pb plant−1) was only

(A)

(B)

Fig. 3 (a) Root and (b) shoot DWyields of dwarf bean (mg DW plant−1)
after the 15-day growth period in the control soil (white, Ctrl), amended
with 1% (CtrlB1) or 2.5% (CtrlB2.5) of biochar, and in the Arnoldstein-
contaminated soil (Unt, black hatch), amended with 1 or 2.5% of biochar,
alone (light gray), and in combination with either compost (dark gray) or
iron grit (black). Mean values per treatment (n = 3; n = 6 for Unt). Values
with different letters differ significantly (one-way ANOVA, p
value < 0.05)

7476 Environ Sci Pollut Res (2017) 24:7468–7481



T
ab

le
4

Sh
oo
ti
on
om

e
of

dw
ar
f
be
an
s

T
re
at
m
en
ts

E
le
m
en
ts
(m

g
kg

−1
)

N
ut
ri
en
ts
(g

kg
−1
)

A
l

A
s

B
r

C
r

C
o

C
u

F
e

M
n

M
o

N
i

C
a

K
M
g

P
N
a

U
nt

42
±
16
a

0.
10

±
0.
03
ab

23
±
2a
b

0.
4
±
0.
1a

0.
07

±
0.
02
a

15
±
1a

13
6
±
13
a

60
±
11
ab

2
±
0.
2b

2.
0
±
0.
1a
b

34
±
3a

28
±
2c

6
±
0.
4a

4
±
0.
4a

0.
22

±
0.
06
bc

B
1

46
±
12
a

0.
12

±
0.
02
ab

20
±
2b

0.
5
±
0.
2a

0.
08

±
0.
03
a

12
±
1b

13
8
±
14
a

51
±
3a
bc

2
±
0.
3b

1.
6
±
0.
2a
b

29
±
1a
b

40
±
4b

5
±
0.
2b

3
±
0.
2a

0.
20

±
0.
08
bc

B
1C

44
±
23
a

0.
16

±
0.
04
ab

18
±
0b

0.
4
±
0.
03
a

0.
07

±
0.
01
a

13
±
0.
4a
b

14
3
±
25
a

45
±
2c

3
±
0.
2b

1.
1
±
0.
3b

30
±
1a
b

47
±
2b

5
±
0.
05
b

3
±
0.
1a

0.
16

±
0.
02
c

B
1Z

24
±
3a

0.
06

±
0.
02
b

21
±
2a
b

0.
4
±
0.
1a

0.
06

±
0.
01
a

13
±
1a
b

14
1
±
30
a

46
±
6a
bc

2
±
1b

2.
6
±
0.
6a

28
±
1b

40
±
2b

5
±
0.
2b

3
±
1a

0.
35

±
0.
04
ab

B
2.
5

33
±
15
a

0.
23

±
0.
12
a

20
±
1b

0.
6
±
0.
2a

0.
1
±
0.
03
a

14
±
2a
b

19
5
±
84
a

64
±
1a

3
±
1b

2.
4
±
0.
7a

27
±
1b
c

49
±
4a
b

5
±
0.
1b

3
±
0.
4a

0.
29

±
0.
06
bc

B
2.
5C

48
±
35
a

0.
23

±
0.
06
a

22
±
2a
b

0.
4
±
0.
1a

0.
1
±
0.
03
a

15
±
1a

15
1
±
33
a

56
±
5a
bc

6
±
1a

1.
5
±
0.
3a
b

29
±
4a
b

58
±
2a

5
±
0.
5b

4
±
0.
2a

0.
49

±
0.
13
a

B
2.
5Z

32
±
7a

0.
12

±
0.
07
ab

25
±
2a

0.
5
±
0.
03
a

0.
07

±
0.
03
a

14
±
0.
1a
b

12
8
±
35
a

42
±
6c

3
±
2b

1.
9
±
0.
7a
b

21
±
4c

46
±
8b

4
±
1c

4
±
1a

0.
24

±
0.
06
bc

C
om

m
on

va
lu
es

a
–

0–
5

–
0–
3

–
3–
20

20
–3
00

50
–5
00

0.
1–
2

0.
1–
6

1–
50

20
–5
0

1.
5–
3.
5

1.
6–
6.
0

–

A
ve
ra
ge

va
lu
es

in
st
re
ss
ed

pl
an
ts
b

–
–

–
5–
30

–
20
–1
00

30
0–
50
0

60
–1
57
5$

10
–1
00

–
–

–
–

–

M
ea
n
va
lu
es

±
S
D
pe
r
tr
ea
tm

en
t(
n
=
3)
.V

al
ue
s
w
ith

di
ff
er
en
tl
et
te
rs
di
ff
er

si
gn
if
ic
an
tly

(o
ne
-w

ay
A
N
O
V
A
,p

va
lu
e
<
0.
05
).
V
al
ue
s
in

ita
lic
s
di
ff
er
ed

fr
om

th
e
U
nt

va
lu
es

a
T
re
m
el
-S
ch
au
b
an
d
Fe
ix

(2
00
5)

b
K
ab
at
a-
Pe
nd
ia
s
an
d
Pe
nd
ia
s
(1
98
4)

Environ Sci Pollut Res (2017) 24:7468–7481 7477



significantly lower in the B1C (i.e., 0.4) and B2.5Z (i.e., 0.3)
treatments as compared to the Unt plants (i.e., 0.9).

Shoot Cd and Zn concentrations and removals (Fig. 1B, F,
Tables 4 and 5)

All treatments significantly decreased the shoot Cd and Zn concen-
trations (mgkg−1) by up to 83 and 66%, (i.e., Cd: from3.7 ± 0.08 to
0.6 ± 0.5; Zn: from 245 ± 9 to 80 ± 43). Shoot Cd concentrations
varied (mg kg−1) between 3.5 ± 0.3 (Unt) and 0.6 ± 0.5 (B2.5Z) in
the decreasing order: Unt > B1 > B1Z > B2.5 = B1C ≥ B2.5C =
B2.5Z, this reduction being enhanced by the biochar addition rate
and the combination with C or Z. For the Unt, B1, BIZ, and B2.5
plants, shoot Cd concentration exceeded its common values
(Table 4; Tremel-Schaub and Feix 2005) and themaximumpermit-
ted concentration (MPC) in forage (0.5–1mg kg−1; Tremel-Schaub
and Feix 2005). For the B1C, B2.5C, and B2.5Z plants, shoot Cd
concentration was in its common range. Shoot Cd removal peaked
for the Unt plants (i.e., 0.5 μg Cd plant−1), being 2- and 6-fold
higher as compared to the B1 and B1C plants, respectively
(Table 5). Shoot Zn concentration (mg kg−1) significantly dropped
for all amended soils from238±20 (Unt) to 80 ± 43 (B2.5Z), in the
decreasingorder:Unt>B1=B1Z≥B2.5≥B2.5C=B1C=B2.5Z.
Except for the B1 plants, all values were in the common range (10–
150 mg kg−1; Tremel-Schaub and Feix 2005). Shoot Zn removal
peaked for the Unt plants (i.e., 34 μg Zn plant−1) and significantly
decreased in all amended soils except for the B1 plants (Table 5).

Decreased in SPWand shoot Cd/Zn concentrations were cor-
related (R2: 0.81 and 0.71, respectively; Supplemental material 1)
(Fig. 1A, E). This confirmed previous reports on biochar-
amended soils and amendment testing in the Arnoldstein soil
(Friesl et al. 2006; Bolan et al. 2003; Beesley et al. 2010; Zhang
et al. 2013; Kargar et al. 2015). Miscanthus-derived biochar (at
10%) reduced the shoot Cd, Zn, and Pb concentrations of
Brassica napus L. by −71, −87, and −92% (Houben et al.
2013a). Bamboo and rice straw-derived biochar (1 and 5%) de-
creased shoot Cd, Cu, Pb, and Zn concentrations of
S. plumbizincicola in a Cd, Cu, Pb, and Zn-contaminated soil
nearby a Cu smelter (Lu et al. 2014). Straw-derived biochar
(1.5, 3.0, and 5.0%) added to a Cd-, Pb-, and Zn-contaminated
mining site decreased the shoot Cd, Pb, and Zn concentrations of
M. aterrima by −56, −50, and −54%, respectively (Puga et al.

2015a, b). Authors mentioned that decreased shoot Cd and Zn
concentrations may reflect metal immobilization through sorption
by biochar amendment. Here, as decrease in SPWmetal concen-
trations globally did not significantly influence the root and shoot
DW yields (Fig. 3), a potential Bdilution effect^ in the shoot
biomass would be insignificant (Park et al. 2013).

Practical implications

Except for 1% biochar alone, all treatments reduced the SPWCd,
Pb, and Zn concentrations to reach their low value ranges as
compared to the literature. Similarly, shoot Cd, Pb, and Zn con-
centrations decreased in all treatments, except for 1% B. Biochar
addition rate of 2.5%or a combinationwith either compost or iron
grit was necessary to stabilize suchmetals in this Arnoldstein soil.
Likely due to the Pb affinity for DOM, the SPWPb concentration
increased in the B2.5 and B2.5C soils; accordingly shoot Pb
concentration increased in the B2.5C plants as compared to the
B1C. Only the B1C, B2.5C, and B2.5Z plants had shoot metal
concentration in the common ranges for Cd, Pb, and Zn.
Influence of these three treatments to stabilize these metals in this
Arnoldstein soil must be long term investigated, the biochar com-
bination with compost being less costly albeit its lasting effect is
questionable as compost OMwould decay, and it slightly promot-
ed the As concentration in the soil pore water (Table 3). At short-
term, the biomass production of dwarf bean in the uncontaminat-
ed Ctrl and Unt soils was statistically similar, albeit influence on
soil biota was not determined. No tested amendment improved
the root and shoot DW yield as compared to the Ctrl soil, but N
fertilization may be necessary in the biochar-amended soils. After
this option appraisal, plots for testing the best combination can be
implemented and compare with gravel sludge, siderite, and red
muds, notably with non-food crops useable for the bioeconomy.

Conclusion

Pine bark chip-derived biochar combined with either compost or
iron grit efficiently stabilized the labile Cd, Pb, and Zn pools in
the Arnoldstein soil contaminated by atmospheric depositions.
This lowered the potential metal leaching out of the root zone
to proximal waters and dispersion through the environment.

Table 5 Shoot element removals by the dwarf bean plants (μg plant−1)

Soil treatments Unt B1 B1C B1Z B2.5 B2.5C B2.5Z

Metals

Cd 0.5 ± 0.04a 0.3 ± 0.05b 0.09 ± 0.02de 0.23 ± 0.02c 0.20 ± 0.03cd 0.1 ± 0.02de 0.08 ± 0.07e

Pb 0.9 ± 0.2ab 0.8 ± 0.2abc 0.4 ± 0.1bc 0.5 ± 0.1abc 1 ± 0.3a 0.5 ± 0.2abc 0.3 ± 0.2c

Zn 34 ± 4a 25 ± 3ab 13 ± 1c 24 ± 6b 20 ± 3bc 14 ± 2c 11 ± 6c

Mean values ± SD per treatment (n = 3). Values (in a line) with different letters differ significantly (one-way ANOVA, p value < 0.05). Values in italics
differed from the Unt values
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Decrease in Cd/Pb/Zn mobility was improved by the biochar
loading rate and the combination with either compost or iron grit.
This positive effect was mainly attributed to increase in soil pH,
(co-)precipitation and various sorption mechanisms with the bio-
char surface. Consequently, dwarf bean exposure to Cd and Zn
was reduced and shoot Cd, Pb, and Zn concentrationswere in the
common ranges for plants grown in all amended soils except for
1% biochar alone. However, decrease in Cd, Zn, and Pb concen-
trations in the soil pore water did not improve the root and shoot
DW yields of dwarf bean.
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