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Abstract Industrialization advances have led to an

increase soil contamination by heavy metals. Among dif-

ferent technologies, in situ stabilization of metals com-

bined with revegetation attracted attention. Therefore, this

study aimed at comparing effects of biochars [rice husk

biochar (RHB), maple leaves biochar (MLB)] and common

inorganic amendments [red mud (RM), and steel slag (SS)]

at different rates (0.5, 1, and 2% w/w) on leaching, and

phytoavailability of metals (assessed using mustard green

‘‘Brassica juncea’’). Soil pH in treated soils significantly

(p\ 0.01) increased, with the optimal pH ranges for plant

growth observed in biochar-treated soils. The leaching of

Cd, Cu, Pb, and Zn through soil significantly (p\ 0.05)

decreased in treated soils. Plant uptake and accumulation

of Cd, Cu, Pb, and Zn decreased by 79–66, 13–19, 87–86,

and 37–36% in RHB- and MLB-treated soils, respectively.

Sequential extraction analysis pointed out that the major

stabilization mechanism for metals using biochars involved

the formation of organic and carbonate bonds, while for

RM and SS was believed to involve the formation of inner

sphere complexes with Fe/Al (hydr)oxides. The plant

available fractions for Cd were generally higher than those

for others. Overall, high dosage addition (2%) of each

amendment offered the best compromise as it successfully

reduced both leaching and phytoavailability of metals.

Using MLB for the first time, showed promising results to

immobilize metals with an increase in plant biomass.

Keywords Biochar � Immobilization � Metal leaching �
Soil amendments � Phytoavailability

Introduction

Among the hazardous contaminants which are found in the

environment, heavy metals gained the majority of con-

cerns. Several human activities have the potential of pro-

ducing heavy metals as side effects. Movement of such

contaminants into surrounding areas in form of dust, lea-

chates through the soil, and spreading of sewage sludge is a

common example of contamination of the ecosystems [1].

Mining and corresponding activities are recognized as

point sources of toxic element pollution that can damage

the surface environment [2]. High concentrations of toxic

metals can be found in and around abandoned metal mines

due to discharge and dispersion of mine wastes [3].

Various innovative techniques are devised to make

reclamation such contaminated sites by economic means,

but most of them are costly and do not reach their optimum

performance. One of the promising remediation methods is

solidification and stabilization (S/S) [4]. If the soil immo-

bilization technique is employed, simplicity and rapidity

(besides high public acceptability) will be achieved. This

method is relatively inexpensive, while covering a broad

spectrum of inorganic pollutants [5].

During the process of immobilization, heavy metals in

soils are removed using amendments from soil solution

either through adsorption, complexation, and precipitation

reactions, thereby rendering the metal(loid)s unavailable

for human and plant uptake and leaching to groundwater

[6]. One of these promising amendments is biochar, which

is a porous, carbonaceous product obtained from the

pyrolysis of organic materials. Numerous materials can be
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used as feedstock. Rice husk, as one of the major crop

residues, showed a great ability to remove various heavy

metal pollutants and increase in crop yield [7–11]. Every

autumn across the world, diminishing daylight hours and

falling temperatures induce trees to shed leaves in billions

of tons. One of the prevalent trees worldwide is the maple

tree which is easily accessible. Hence, fallen maple leaves

might be a promising feedstock to use as soil amendment.

However, the application of biochars on immobilization of

heavy metals has not been systematically investigated to

any extent [12]. Red mud, a reddish-brown colored solid

waste produced from the aluminum industry, is known as a

cheap adsorbent for the removal of toxic metals. Lee et al.

[13] reported that adding red mud as a good adsorbent for

the adsorption of Cd, Pb, and Zn significantly decreased the

amount of soluble and extractable heavy metals in soil.

Moreover, steel slag is considered as an appropriate soil

agent to reduce the migration of toxic elements to plants

and groundwater [14, 15].

In general, the immobilization of metals by amendments is

frequently combined with the revegetation of contaminated

soil to improve the level of soil remediation. The establish-

ment of a suitable plant on the soil is helpful in preventing the

dispersion of contaminants through erosion, runoff, and per-

colation while increasing biodiversity as well as being aes-

thetically pleasant [16–18]. Brassica juncea is a species of

mustard plant which is used in phytoremediation to remove

heavy metals. Thus, implementing a phytoremediation strat-

egy on contaminated soils requires a serious evaluation of the

effects of amendments on metal phytoavailability [19].

Despite the fact of phytoavailability and leachability of heavy

metals in contaminated soils, evaluation of the simultaneous

effects of biochars and inorganic amendments combined with

revegetation on immobilization of heavy metals has consid-

erably been the subject of only limited studies [20].

Therefore, this study was aimed to investigate the effects

of biochars including rice husk biochar (RHB), maple leaves

biochar (MLB), and inorganic amendments including red

mud (RM), and steel slag (SS) on the immobilization, phy-

toavailability, and leachability of heavy metals through soil.

Sequential extraction method was applied to distinguish the

differences in metal fractionations after using amendments.

Materials and methods

Preparing soil samples and amendments

Soil was collected from agricultural land adjacent to the

abandoned Geopung Mine in Okcheon County in South

Korea (127�44013.6000 and 316�19048.2000N). About 150 kg

of soil surface (15–20 cm) from Geopung Mine area were

collected using shovels. The samples were put into plastic

bags and transported to the laboratory. Then, samples were

dried at ambient temperature (23 �C) for 3 days and sieved

through a 2 mm mesh.

To produce amendment, white rice husk was purchased

from a local mill, thoroughly washed using deionized

water, dried, and then ground. Fallen maple leaves were

collected from the piles near the trees in the study area in

Seoul. Sampled maple leaves thoroughly washed and dried

in oven (40 �C) for 5 days and finely ground. To obtain

alkaline biochars, dry-pyrolysis process was made at

550 �C temperatures through a residence time of 45 min

inside an anaerobic furnace (WiseTherm(R) FT Pro-

grammable Tube Furnaces) under an N2 environment. In

addition, RM and SS by-products coming from alumina

smelters and steel work companies, respectively, were

purchased to use as inorganic amendments. Afterward, all

amendments were ground to obtain all particles in size

of\ 74 lm to increase their specific surface area [21].

Characterization of soil and amendments

Soil texture was measured using the hydrometer method

[22]. Soil and amendment pH values were determined

using 1:5 ratio of samples and distilled water, respectively

[23]. Cation exchange capacity (CEC) of each amendment

and initial soil was measured using 1 M sodium acetate,

ethanol 95%, and 1 M ammonium acetate, respectively

[24]. Total concentrations of heavy metals (Cd, Cu, Pb, and

Zn) in soil and inorganic amendments were determined by

digesting with aqua regia and analyzed by Atomic

Adsorption Spectrometry (AAS; AA240, Varian, Australia)

[25]. Concentration of heavy metals in biochars was

measured using the USA EPA method No. 1311. The

specific surface area (SSA) of all sorbents was measured by

N2 adsorption using the BET surface area of sorbents on a

Tristar 3000 by BET method [26]. In the current study, five

steps (operationally defined) of sequential extraction based

on Tessier et al. [27] as an approach to evaluate metal

distribution into different chemical forms were investigated

before and after mixing soil with amendments.

Several analyses, including use of scanning electron

microscopy (SEM), X-ray diffraction (XRD), and X-ray

florescence (XRF) were conducted to characterize the

properties of the amendments. To determine chemical

compositions of soil amendments, XRF analysis was

accomplished. To identify the mineralogy properties of

amendments, XRD analysis was carried out. By using SEM

Coxem S-100 production microscope, the morphology of

each amendment was examined.
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Pot experiment

A greenhouse study was carried out to investigate the effect

of amendments on heavy metal leaching and phytoavail-

ability. A leaching pot (10 cm height and 15 cm width)

was used for experiments. The pots were filled with a

mixture of contaminated soil and washed sand with the

ratio of 3:1, regarding to prevent soil compaction. Based on

the previous research results [28, 29], different ratios of

soil amendments (0.5, 1, and 2% dry mass) were applied as

different treatments. The amendments were thoroughly

mixed with soils to obtain homogeneity were then equili-

brated for 8 weeks. A control treatment following the same

procedure was also prepared, but without adding amend-

ment. All treatments were performed in three replicates.

After finishing the period of equilibration, premature

mustard green (21 days) was transplanted in each pot

separately. Pots were irrigated four times a week with

deionized water (DIW). On irrigation days, each pot

received the same amount of DIW (100 ml each time).

Leachate sampling

At each date of leachate collection, the solution was col-

lected by the PET clear plastic bottles. A small aliquot was

then set aside for pH determination and the remaining

solution was filtered at Whatman 0.50 lm. Samples were

put into refrigerator before measurement. Concentrations

of Cd, Cu, Pb, and Zn in the leachates were measured by

AAS.

Phytoavailability

To investigate the effect of each treatment on the phy-

toavailability of contaminants, mustard green was chosen

as strong hyperaccumulator plant. Every 20 days, equal

number of plant leaves was taken from each pot. The

remaining plant leaves were harvested 8 weeks after sow-

ing. Samples were rinsed with DIW and dried in oven at

40 �C for 5 days. Plant samples were digested in hot

HNO3, and the resultant solutions were filtered at cellulose

acetate syringe filters. Finally, concentrations of target

metals were measured using AAS.

Statistical analyses

As treatments performed triplicate, all values of heavy

metals in soils were reported as the mean values of three

samples. Any significant difference among treatments was

determined by one-way analysis of variance (ANOVA).

Pearson’s correlation coefficient (r) was purposed to

determine the relationships between different treatments

and their pH. Three levels of significance were considered:

p\ 0.1, p\ 0.05 and p\ 0.01. Statistical analyses were

carried out using SPSS 16 on Windows 7.

Results and discussion

Physical and chemical properties of original soil

and amendments

The properties of the original soil are presented in Table 1.

The soil was almost neutral pH (6.69) and was contami-

nated by heavy metals (1.0, 54.9, 74.4, and 291 mg/kg for

Cd, Cu, Pb, and Zn, respectively). According to the average

values reported on Korean cultivated soils, the obtained

results for organic matter (0.59%) and clay content

(11.36%) were relatively low [30]. The value of total

N (0.04%) indicated that soil had poor nutrient. Hence, to

achieve optimal plant growth, additional nutrient supple-

ment was required. In addition, soil showed relatively low

value of CEC (7.6 meq/100 g).

As is shown in Table 1, heavy metal concentrations in

the amendments (except Zn content in RM and SS) were

low. Hence, the amount of each metal added to the soil

through aforementioned applied ratio of amendments is

negligible. All amendments showed slightly to highly

alkaline pH for RHB to SS, respectively. Among amend-

ments, the SS indicated the highest value for pH (11.83).

However, MLB showed higher pH compared with RHB

(8.89 vs. 7.86). These values for pH may imply potential

for an increase in soil pH when incorporated into soil. The

specific surface area (SSA) of each amendment exhibited

relatively high value, where more available sites on the

surface caused more metal ion adsorption [31]. The highest

SSA was observed for RM followed by SS. The other

important factors which potentially affected on metal

sorption on the surface amendments were high CEC of

each amendment (20, 22, 45.24, and 25.22 meq/100 g for

RHB, MLB, RM, and SS, respectively). Biochars showed

high content of P and K which are fundamentally influence

on plant growth. Content of organic matter (OM%) was

meaningfully more in both biochar than RM and SS.

XRF, XRD, and SEM analysis results

Chemical composition of the amendments determined by

XRF analyzer already reported in Derakhshan Nejad et al.

[32]. The main content of RHB was SiO2 (61%) which can

induce ion-exchange reaction and metal stabilization as

well, while CaO was the main content in MLB. Indeed,

high content of CaO in biochar was supposed to have high

adsorption efficiency of metals through soil. The main

chemical compositions of RM were Al2O3, Fe2O3, SiO2,

and Na2O. Results of XRF for SS indicated similar
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chemical compositions to RM, given that SiO2 allocated

main composition of SS followed by Al2O3.

The XRD analysis patterns of amendments are presented

in Fig. 1. A broad XRD peak centered at 2h = 22.5

showed amorphous (noncrystalline) silica, as a major

constituent of RHB, which was attributed to the presence of

disordered cristobalite and amorphous carbon, as well

(Fig. 1a) [33–35]. Sharp peaks in the diffractogram of

MLB indicated that calcite (CaCO3) and whewellite

(Ca(C2O4)�H2O) were consistent with its pyrolysis tem-

perature (Fig. 1b). This type of structure can be highly

efficient to remove heavy metal ions from contaminated

soils. Actually, the adsorption mechanism in this type of

structure is that either Ca2? ions are replaced by heavy

metal ions or heavy metal ions are adsorbed at larger space

[36]. However, the element analysis and phase characteri-

zation of RM were reported several times, but the results of

the composition of RM showed unsymmetrically [37–39].

In this study, the XRD patterns of the RM showed the

presence of calcite (CaCO3), hematite (Fe2O3), quartz

(SiO2), boehmite (c-AlO(OH)), and zeolite (ZSM-5) as the

main phases. The results of XRD indicated that the main

phases in the SS were siderotil (FeSO4�5H2O), quartz

(SiO2), calcite (CaCO3), albite (NaAlSi3O8), illite (KH3-

O)M, and magnetite (Fe3O4). Results demonstrated obvi-

ously different mineral compositions among all

amendments.

The SEM images for all amendments are shown in

Fig. 2. The combination of SEM characterization with

XRD and XRF can represent comprehensive understanding

of physical and microstructural performance of soil

amendments. The results of SEM revealed that all

amendments included pores (Fig. 2), which were consistent

with relatively high SSA (Table 1). However, biochars

showed SSA smaller than RM and SS. However, internal

porous structure, particles shape, and high negative charge

on the biochar surfaces corresponding to the carbonaceous

structure of them might be the main reason of their high

performance in cation adsorption. These results matched

with the results reported by Prakongkep et al. [40]. The

porosity provided by the plant cell structure led to the very

large SSA performance and high chemical activity of

biochars [41]. Poor crystalline silica was a major con-

stituent of RHB. According to the results reported by Park

et al. [42], much of the silica was observed in the outer

epidermis cells and concentrated in hair- and dome-shaped

protrusions and also as dispersed silica inside the husk

(Fig. 2a). However, crystalline calcite was observed as the

main content in and outside of the MLB cells (Fig. 2b). As

shown in Fig. 2c, the RM had relatively loose

microstructures and high porosity. The particles of RM

were more dispersive. On the contrary, SS was able to

easily gather and formed a cluster (Fig. 2d). The SS par-

ticles surrounded to angular shapes. Distinct roughness and

edges were dominant in angular and bulky particles. Most

of its particles examined by SEM had rough surface

textures.

Effect of treatments on pH

After adding amendments into the soil, pH increased sig-

nificantly (p\ 0.01, Table 2). Soil pH increased from 6.69

to approximately 7.37, 7.55, 8.47, and 8.58 in RHB, MLB,

RM, and SS with 2% amended soils, respectively. As

shown in Table 3, almost all treatments indicated signifi-

cant difference in changing soil pH values, compared with

control and each other, as well. As an exception, RHB

treatments (1 and 2%) and MLB treatment (2%) showed no

significant differences with RM treatments (1 and 2%) and

SS treatment (2%), respectively. In addition, results

showed positive Pearson’s correlation coefficient pattern of

changing pH among all treatments and control soil. That

means pH in treated/nontreated soils changed differently,

but in a similar direction. In general, there was no high

correlation coefficient among pH values observed in dif-

ferent treatments during the 60 days of experiment.

Table 1 Physiochemical properties of the original soil and amendments

Name of

samples

pH Cd (mg/

kg)

Cu (mg/

kg)

Pb (mg/

kg)

Zn (mg/

kg)

T-P (mg/

kg)

T-N

(%)

OM

(%)

K (mg/

kg)

CEC (meq/

100 g)

SSA

(m2/g)

Texture

Original soil 6.69 1.00 55 74.4 291 607 0.04 0.59 ND 7.60 ND Loamy

sand

RHB 7.86 0.09 18 0.50 48 48,714 3.30 48.76 2701 20.00 7.36 ND

MLB 8.89 0.39 5 0.50 38 1379 0.54 21.00 2520 22.00 12.20 ND

RM 10.73 ND 15 48.00 131 280 0.01 0.50 48 45.24 44.13 ND

SS 11.83 ND 18 18.00 442 4983 0.01 0.89 169 25.22 17.86 ND

RHB rice husk biochar, MLB maple leaves biochar, RM red mud, SS steel slag, ND not detected, SSA specific surface area
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Effect of various treatments on metal leaching

Mean concentration of metals in leachates for all treat-

ments is presented in Fig. 3. It is worth to note that low

initial concentration of Cd in soil caused an observation of

low content of Cd in leachates. Nevertheless, adding all

amendments at the rate of 2% after 60 days significantly

(p\ 0.05) reduced Cd concentration in leachate (Fig. 3a).

The main reason may attribute to the surface complexation

with silicate materials and calcium carbonate that presented

in the structure of biochars. In general, forms of the car-

bonate and oxidate of Cd are insoluble fraction in soil.

Therefore, all amendments showed ability for reducing Cd

leaching through soil subsequent of reduction in Cd solu-

bility. Compared with control soil, Cu concentration in

leachates considerably decreased for all treatments

(p\ 0.05). However, there was no statistically significant

difference between each treatment in reducing Cu leaching,

except SS at the rate of 2% (Fig. 3b). The main reason

related to the high pH and low content of organic carbon in

SS, which caused more Cu immobilization in soil. Con-

centration of Pb in leachates was decreased significantly

(p\ 0.05) in all treatments except RHB and MLB treat-

ments when 0.5% from each one was applied (Fig. 3c).

Over the course of the experiment, Zn concentration in

leachates from the treated soils significantly (p\ 0.05)

decreased (Fig. 3d). It is notable that RM treatment (2%)

effectively reduced concentration of Zn in leachate.

Fig. 1 XRD results of soil amendments: (a) rice husk biochar, (b) maple leaves biochar, (c) red mud, and (d) steel slag
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Phytoavailability of metals

The concentrations of metals in plant tissues showed dif-

ferent results among amendments. In general, soil phy-

toavailable metal pools following amendments application

was decreased for all heavy metals in mustard green leaves

(Fig. 4). After plant harvesting (60th day of transplanting),

mean concentrations of Cd, Cu, Pb, and Zn in leaves of

mustard green grown in the nontreated soil (control) were,

0.85, 5.73, 1.12, and 88.16 mg/kg, respectively (Fig. 4).

Compared with control, concentration of Cd in plant leaves

in all treatments (at the rate of the 2%) significantly

(p\ 0.05) decreased (Fig. 4a). Plant uptake and accumu-

lation of Cd was decreased by 79, 66, 73, and 53% in RHB,

MLB, RM, and SS treatments, respectively. Results indi-

cated that the addition of amendments in different appli-

cation rates only slightly reduced the concentration of Cu

in plant leaves. Plant accumulation of Cu decreased by 13,

19, 13, and 25% in RHB-, MLB-, RM-, and SS-treated

soils, respectively. Considering the best efficiency in

reduction of Cu uptake by plant, the application of SS in

mixing ratio of 2% was observed (Fig. 4b).

All treatments were effective in decreasing the con-

centration of Pb in aerial parts of mustard green to compare

with the control, with the maximum efficiency being

observed for SS and RHB treatments in an application ratio

of 1 and 2% (Fig. 4c). For Pb, plant accumulation

decreased by 87, 86, 87, and 92% in RHB, MLB, RM, and

SS, respectively. On the contrary, the addition of SS just

slightly decreased Zn accumulation in plant leaves com-

pared with other treatments. Indeed, both biochar (RHB

and MLB) application caused a significant reduction in

plant Zn uptake (Fig. 4d). Plant uptake and accumulation

of Zn decreased by 37, 36, 31, and 18% in RHB, MLB,

RM, and SS treated soils, respectively. However, mustard

green was a hyperaccumulator but using amendment

meaningfully decreased plant uptake of metals. For these

metals, the lower metal accumulation by mustard green

was attributed principally to increase in pH and CEC which

Fig. 2 Scanning electron microscopy images of amendments: (a) rice husk biochar, (b) maple leaves biochar, (c) red mud, and (d) steel slag
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induced a decrease in their phytoavailability following

each amendment application.

In agreement with these results, Gray et al. [43] reported

an increase in pH, while RM as an amendment was applied,

which induced immobilization of heavy metals in soil and

subsequently decreased translocation of metals in the tis-

sues of Festuca Rubra. In addition, Zheng et al. [44]

demonstrated that RHB was efficient in an increase of

metal immobilization in soil followed by decline in plant

accumulation. In contrast to Cd, Pb, and Zn, a different

pattern for Cu uptake by plant following amendment

application was observed. The reason was reported by Kim

et al. [45] that the Cu solubility in soils is primarily gov-

erned by (dissolved organic carbon) DOC concentration,

rather than soil pH. When soil pH is above 7.5, so that Cu

solubility increases following DOC concentrations increase

and cause an increase in metal uptake by plants [45].

Possessing more organic carbon in RHB caused more Cu

accumulation than MLB-treated soils.

Simple steady-state mass balance model and related

input data

To compare the effectiveness of each treatment on the

movement of metals through soil, mass balance method in

soil, plant, and leachate phases can be performed. A simple

mass balance of heavy metals in soil can be expressed as

follows [46]:

Mtotal ¼ Mp þ Mf þ Ma

� �
� Mcr þ Mlð Þ; ð1Þ

where ‘‘M’’ is the heavy metal, ‘‘p’’ is the parent material,

‘‘a’’ is the heavy metal from amendment deposition, ‘‘f’’ is

the fertilizer sources, ‘‘cr’’ is crop removal, and ‘‘l’’ is the

losses by leaching, volatilization, and so forth. After esti-

mating Mtotal, the percentage of each element in each phase

was separately calculated. Results of mass balance of

heavy metals in soil, plant, and aqueous systems are shown

in Table 3. Observations of mass balance indicated high

performance of RHB and MLB at 2% application ratio for

all aforementioned metals. In case of Cd, both biochars

showed maximum immobilization efficiency rather than

inorganic amendments. For stabilizing Cu in soil, RM

Table 2 Overview of significantly differences and Pearson’s correlation coefficients (r) among different amendments application ratio and

treated/nontreated soils pH values

Soil pH under different

treatments

RHB (%) MLB (%) RM (%) SS (%)

0.5 1 2 0.5 1 2 0.5 1 2 0.5 1 2

Control (%)

0 0.6*** 0.5*** 0.5*** 0.7*** 0.5*** 0.3*** 0.3*** 0.3*** 0.1*** 0.5*** 0.6*** 0.5***

RHB (%)

0.5 1 0.8*** 0.8*** 0.4** 0.4** 0.2*** *** 0.1*** *** 0.2** 0.2*** 0.2***

1 1 0.9*** 0.4*** 0.2*** 0.2 *** – *** 0.1*** 0.1* 0.1*

2 1 0.4*** 0.2*** 0.2 *** – *** 0.1*** 0.1** –

MLB (%)

0.5 1 0.5*** 0.4*** 0.1*** 0.2*** 0.1*** 0.3*** 0.4*** 0.3***

1 1 0.8*** 0.2* 0.2*** 0.3*** 0.3 0.3*** 0.3***

2 1 *** – 0.2*** 0.1*** 0.2** –

RM (%)

0.5 1 0.6*** 0.3*** 0.3*** 0.4 0.3***

1 1 0.2*** 0.6*** 0.3*** 0.6*

2 1 0.20*** 0.3*** 0.3***

SS (%)

0.5 1 0.8*** 0.8***

1 1 0.8***

2 1

RHB rice husk biochar, MLB maple leaves biochar, RM red mud, SS steel slag, – not significant

* Significant at p\ 0.1

** Significant at p\ 0.05

*** Significant at p\ 0.01
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showed high efficiency as well as biochar treatments. The

maximum immobilization efficiency for Pb was observed

in MLB- and SS-treated soils. Similar to Cd, both RHB and

MLB showed the maximum efficiency to immobilize Zn in

soil. Results demonstrated the ability of root systems to

absorb high content of Cu through soil. The mass balance

successfully displayed remediation system within the soil,

plant, and leachates.

Chemical speciation of metals

Assessment of metal speciation and bioavailability in soils

using a sequential extraction scheme oftentimes was car-

ried out [13, 47]. In this study, sequential extraction was

used to investigate the distribution of metals among dif-

ferent amended soils (Fig. 5). Initially, Cd existed in a

more bioavailable and mobile form than other metals, with

more than 50% of total Cd exchangeable for some of

treatments and control, as well. However, Cu, Pb, and Zn

were mainly in residual fraction, with very low

exchangeable fractions (almost 3, 4, and 3% of total con-

tent, respectively).

The application of soil amendments shifted Cd distri-

butions from residual and exchangeable to carbonate,

organic matter, and Fe and Mn oxide fractions, especially

in 2% application rate of each amendment (Fig. 5a). The

less plant available fractions of Cd in treated soils were

observed in the order of: 2% of SS[RM[MLB. Results

for Cu indicated a shift from exchangeable to residual and

organic bound fractions (Fig. 5b). High content of the P in

biochars suggested to being the main reason of an increase

in the residual fraction of Cu in the form of the precipitated

Cu phosphate. It was found that in treated soils, Pb and Zn

were largely associated with the residual and Fe and Mn

oxide fractions and also, to a lesser extent, the carbonate

(Fig. 5c, d). Overall, the less exchangeable fractions for

Cd, Cu, Pb, and Zn were observed in the order of SS, MLB,

RM, and MLB = SS treatments, respectively. In other

words, the less plant available fractions (exchangeable and

carbonate fractions are considered as plant available) for

Cd, Cu, Pb, and Zn were achieved in SS (1%), MLB (2%)–

RHB (0.5%), RM (1%)–S.S (1%), and RM (1%)–MLB

(1%) treatments, respectively.

Table 3 Results of mass balance of Cd, Cu, Pb, and Zn in soil, plant, and leachate systems according to accumulation percentage (%)

Critical load of heavy metals (%) under different treatments

Heavy metals at different

parts

Control RHB

1

RHB

2

RHB

3

MLB

1

MLB

2

MLB

3

RM 1 RM 2 RM 3 SS 1 SS 2 SS 3

Soil

Cd 20 56 63 71 48 63 72 53 59 71 41 46 56

Cu 65 69 72 74 72 73 76 69 72 75 64 67 69

Pb 77 94 95 96 94 95 97 94 95 96 95 96 97

Zn 66 76 79 81 76 77 81 76 77 79 69 71 71

Arial part of plant

Cd 80 44 37 29 52 37 28 47 41 56 59 54 45

Cu 12 11 11 9 10 9 8 11 10 9 9 9 7

Pb 15 2 2 1 2 1 1 2 2 1 1 1 1

Zn 15 11 9 8 11 11 9 23 24 31 17 16 19

Roots

Cd – – – – – – – – – – – – –

Cu 23 20 17 17 18 18 16 20 18 16 27 24 24

Pb 8 4 3 3 4 4 2 5 3 3 4 3 2

Zn 19 13 12 11 13 12 10 14 13 12 14 13 10

Leachate

Cd 0.20 0.03 0.02 0 0.05 0.01 0 0.10 0.06 0.01 0.04 0.02 0.00

Cu 0.03 0.01 0.00 0.03 0.01 0.01 0.01 0.01 0.01 0.004 0.01 0.01 0.002

Pb 0.10 0.03 0.02 0.02 0.04 0.03 0.01 0.02 0.02 0.01 0.01 0.01 0.00

Zn 0.05 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.005 0.004 0.01 0.01 0.01

RHB rice husk biochar, MLB maple leaves biochar, RM red mud, SS steel slag (1: 0.5%, 2: 1%, and 3: 2% DW of amendments)
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Comparison of effectiveness of different treatments

Table 4 summarizes the results of the effectiveness of

different treatments on two metal transfer passages through

soil. In this regard, different treatments were divided into

two groups which were significantly effective (O) or not-

effective (x) on the reduction in reachability and phy-

toavailability of toxic metals. The total concentrations of

Cd, Cu, Pb, and Zn in soil did not change too much when

amendments were added. Hence, soil pollution was not

impressed by these amendments. Furthermore, Cd, Cu, Pb,

and Zn did not respond similarly to the same amendments.

This pointed the difficulty out in finding amendments that

could be equally effective in multi-element contaminated

soils. Although the total metal concentrations in soils could

influence metal accumulation in plant tissues, the chemical

fractions of metal in the soils also affected metal uptake by

plants. Followed by each treatment, metal fractions varied

as a result of chemical reactions between soil particles and

amendments. Using different treatments increased immo-

bilization of Cd, Cu, Pb, and Zn at most 62, 72, 89, and

66% by the order of RHB = MLB, and SS amendments

(2% application ratio), respectively.

Overall, MLB (2%) as a novel amendment with the low-

application ratio turned out to be one of the best compromises

in reducing both leaching and phytoavailability of afore-

mentionedmetals with a numerous increase in plant biomass

results from an increase in soil CEC. Noteworthy, no nega-

tive environmental side effect of using biochar or risk on

surrounding ecosystemwas observed. On the contrary, using

RM and SS in high-application dosage could induce not only

metal concentration in soil and subsequently their leaching
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Fig. 3 Mean concentration of heavy metals in leachates for each

treatment in three sampling times. (RHB) rice husk biochar, (MLB)

maple leaves biochar, (RM) red mud, and (SS) steel slag (1 = 0.5%,

2 = 1%, 3 = 2% DW of amendments). The mean marked with the

same letter is not significantly different at p\ 0.05 (a: Cd, b: Cu, c:
Pb, and d: Zn)
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and phytoavailability, but also reduction in plant biomass.

Therefore, finding the most efficient application dosage of

soil amendments is a big concern to manage remediation

process in agricultural soils.

Conclusions

The application of soil amendments that can immobilize

heavy metals could provide a cost-effective and sustainable

solution for the remediation of contaminated sites. This study

addressed to simultaneously controlling both leaching and

phytoavailability of Cd, Cu, Pb, and Zn using soil solidifi-

cation/stabilization technology through several promising

amendments. RHB as an abundant agricultural byproduct,

with the specific pyrolysis condition, recognized as an

effective multi-metal immobilizing amendment. Results

indicated that rice husk biochar could be used as a substitu-

tion for lime materials to increase the soil pH. In this study,

MLB interestingly showed a promising result for the reme-

diation of agricultural soil due to its porous structure, high

specific surface area, and mainly its rich nutrients nature.

Since most trees are deep-rooted, they absorb minerals from

deep in the soil and a good portion of these minerals go into
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Fig. 4 Concentration of heavy metals in mustard green leaves.

(RHB) rice husk biochar, (MLB) maple leaves biochar, (RM) red

mud, and (SS) steel slag (1 = 0.5%, 2 = 1%, 3 = 2% dry weight of

amendments). The mean marked with the same letter is not

significantly different at p\ 0.05 (a: Cd, b: Cu, c: Pb, and d: Zn)
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the leaves. Therefore, recycling these source of organic

matter, through a specific pyrolysis condition, makes bio-

chars high efficient in metal stabilization even in lowmixing

dosages. Red mud and SS both as inorganic amendments

demonstrated favorable results to immobilize metals in soil

even in low-application dosages, owing to application of

their small particle size.

The results of sequential fractionations provided some

evidence of the mechanism of immobilization following soil

amendment applications. The application of the biochars

suggested an increase in metals associated with carbonate

and organic matter. Moreover, RM and SS, due to signifi-

cantly increasing soil pH, led to an increase in metal pre-

cipitation and moved metals into residual fractions. In

addition, both RM and SS, which were rich in Fe oxides with

reactive surface sites able to bindmetals, causedmoremetals

to be associated with the Fe and Mn oxide fractions.

According to comparison of the effectiveness of differ-

ent treatments on two metal transfer pathways through soil,

MLB (2%) recognized as one of the best compromises in

reducing both leaching and phytoavailability of metals with

no observed decline in plant biomass. Considering
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Fig. 5 Distribution of heavy metal fractions in different amended soils. (RHB) rice husk biochar, (MLB) maple leaves biochar, (RM) red mud,

and (SS) steel slag (1 = 0.5%, 2 = 1%, 3 = 2% dry weight of amendments) (a: Cd, b: Cu, c: Pb, and d: Zn)
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environmental management, making biochar from maple

leave wastes not only recycled them but also perfectly

improved soil properties with the less costs.

The addition of these soil amendments is likely to

induce the solidification/stabilization (S/S) of target metals.

Therefore, the use of suitable amendments with appropriate

dosage not only can reduce the cost of remediation, but

also can be helpful in preventing risks for ecosystems.

Nonetheless, a number of issues should be considered

when soil amendments are applied to improve the effi-

ciency of soil remediation. Furthermore, more research

must be done for assessing whether immobilization of

contaminants in soil is long enough irreversible to remain

stable under natural conditions.
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R., Heikkilä, M. (eds.) Ecosystems, Fauna and Flora of the Fin-

nish–Russian Nature Reserve Friendship, The Finnish Environ-

ment. Nature and Natural Resources 124. Springer, Berlin (1995)

47. Jung, M.C., Thornton, I.: Environmental contamination and

seasonal variation of metals in soils, plants and waters in the

paddy fields around a Pb–Zn mine in Korea. Sci. Total Environ.

198(2), 105–121 (1997)

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Int J Energy Environ Eng (2017) 8:317–329 329

123

http://www.nippon-bel.co.jp/tech/seminar06_e.html
http://dx.doi.org/10.1007/s12303-016-0059-0
http://www.eflora.org
http://www.eflora.org

	The effects of biochar and inorganic amendments on soil remediation in the presence of hyperaccumulator plant
	Abstract
	Introduction
	Materials and methods
	Preparing soil samples and amendments
	Characterization of soil and amendments
	Pot experiment
	Leachate sampling
	Phytoavailability
	Statistical analyses

	Results and discussion
	Physical and chemical properties of original soil and amendments
	XRF, XRD, and SEM analysis results
	Effect of treatments on pH
	Effect of various treatments on metal leaching
	Phytoavailability of metals
	Simple steady-state mass balance model and related input data
	Chemical speciation of metals
	Comparison of effectiveness of different treatments

	Conclusions
	Open Access
	References




