
Registered charity number: 207890

Showcasing research from Prof. Aiguo Wu’s group at Ningbo 

Institute of Materials Technology and Engineering, Chinese 

Academy of Sciences, Ningbo, China

Suppression of the environmental risks of lead in cropland soil 

using biomass ash and its modifi ed product

Biomass ash (BA) was used as a low-cost raw material for the 

preparation of soil amendment to suppress the environmental 

risks of lead in cropland soil. BA was successfully modifi ed via a 

hydrothermal technique and the modifi ed ash (MA) showed less 

interference to soil pH, higher immobilization effi  ciency, and 

better immobilization stability to lead in soil than BA.

As featured in:

See Yujie Zhang, Aiguo Wu et al., 
Nanoscale Adv., 2019, 1, 1740.

rsc.li/nanoscale-advances



Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

/3
0/

20
26

 1
0:

21
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Suppression of th
aCixi Institute of Biomedical Engineering, C

and Devices & Key Laboratory of Additiv

Province, Ningbo Institute of Materials

Academy of Sciences, Ningbo 315201

zhangyujie@nimte.ac.cn; Fax: +86 574 8668
bUniversity of Science and Technology of Ch
cDepartment of Chemistry and Biochemistry

60115, USA

† Electronic supplementary informa
10.1039/c9na00001a

Cite this:Nanoscale Adv., 2019, 1, 1740

Received 1st January 2019
Accepted 8th April 2019

DOI: 10.1039/c9na00001a

rsc.li/nanoscale-advances

1740 | Nanoscale Adv., 2019, 1, 1740–1
e environmental risks of lead in
cropland soil using biomass ash and its modified
product†

Hongyu Liu,ab Zhuangwei Zhou,a Yujie Zhang,*a Ningyi Chen,ab Jingyan Kang,a

Guijian Liu,b Narayan S. Hosmanec and Aiguo Wu *a

In this work, modified biomass ash (MA), obtained through the hydrothermal treatment technique with

biomass ash (BA) and alkaline phosphate as raw materials, was used as a useful soil amendment to

reduce the environmental risk of lead and was compared with raw ash. In order to confirm the

composition changes from BA to MA, the materials before and after modification were characterized by

using transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), Fourier transform

infrared (FT-IR) spectroscopy, and X-ray diffraction (XRD). Subsequently, the suppression of the

environmental risks of lead in the contaminated cropland soil by MA and BA was systematically

investigated through pH evaluation, toxicity-extraction, and fractional analysis. The results show that

needle-like hydroxyapatite nanoparticles were generated during the modification process of BA. After

incubation with 5% BA and 5% MA for 60 days, the pH of soil samples increased from 5.46 to 7.20 and

6.83, respectively; the lead concentration by TCLP extraction decreased by about 52.6% and 95.2%,

respectively. And the content of lead bound to RES increased from 36.28% to 49.09% and 59.58%,

respectively. MA showed higher immobilization efficiency, better immobilization stability, and less

disturbance to the soil pH than BA, and it can suppress the environmental risk of lead below the standard

toxicity level. These results undoubtedly demonstrate that BA has great potential in the practical

application of remediation of lead contaminated soil, and its modified product may become a useful

amendment to suppress and/or eliminate the high environmental risk of lead by transforming industrial

waste into useful nanomaterials for green environmental chemistry.
1. Introduction

Lead (Pb) is a heavy metal element with potent neurotoxicity
and even low levels of exposure can have a profound and long-
lasting effect on human health. The Centers for Disease Control
and Prevention denes that the blood lead level (BLL) is 5 mg
dL�1 in order to protect human health, particularly for the
safety of children.1 In previous research, the results showed that
bioavailable lead concentration in soil is positively correlated
with human BLL.2 It is urgent to suppress and/or eliminate the
environmental risk of lead in contaminated soils, such as in
farmland, post-industrial environments or urban soils. For
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these soils, the major pathways for exposure of humans to lead
include consumption of contaminated food and inhalation of
soil particles.3 The most widely used way to suppress the envi-
ronmental risk of lead in soils is in situ remediation by utilizing
the chemical immobilization method, in which the new mate-
rials added into soil (soil amendments) can transform heavy
metals from the available state to a stable xed state.4–6

Consequently, this transformation decreases the mobility and
bioavailability of toxic heavy metals with available state and
high concentration. Nonetheless, the current protocols for in
situ remediation are severely restricted by the large area of soil,
large demand and high price of amendments.7–9

Biomass resources are extremely abundant in agricultural
producing countries like China, India, Bangladesh, Brazil, US,
Cambodia, Vietnam, Myanmar, and Southeast Asia.10 Biomass
has been widely used for energy production all over the world
and is considered as an environmentally safe way for energy
access; during the process a solid by-product is produced,
namely biomass ash (BA).11–13 The utilization of biomass ash has
become an important issue for the sustainable development of
biomass energy.14 Biomass ash is low cost and environmentally
friendly, and is oen used to improve the soil fertility during
This journal is © The Royal Society of Chemistry 2019
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agricultural production. It also has good functional application
in the adsorption of pollutants in water.15,16 In this work, the
biomass ash from burning wheat stem, maize straw, groundnut
shell, cotton stalk and other agricultural residues was modied
and used as a new passivation material for lead contaminated
soil, which can provide scientic guidance for the selection of
soil amendments. The results of this investigation are pre-
sented in detail.
2. Materials and methods
2.1. Materials

Biomass ash was obtained from Anhui Guozhen Biomass Power
Co., Ltd., China. Modied biomass ash (MA) was prepared by
using a hydrothermal reaction with biomass ash and alkaline
phosphate as raw materials. In order to simulate natural
mineralization, the specic preparation process was as follows:
rst, the total content of Ca in BA was measured by using X-Ray
Fluorescence spectra (XRF) analysis (S1 in the ESI†). Subse-
quently, 5 g biomass ash and a calculated amount of disodium
hydrogen phosphate were dispersed into 40 mL Milli-Q water to
ensure that the molar ratio of Ca/P in the mixed solution was
1.67. The mixture was stirred evenly, stored for 1 h, and then
poured into a 50 mL hydrothermal reactor. The sealed reactor
was heated to 200 �C in an air drying oven and maintained for
20 h. Finally, the solid residues were ltered, washed by using
Milli-Q water and dried to a constant weight at 40–60 �C. The
liquid wastes were collected for soluble by-product analyses.
2.2. Characterization of BA and MA

To determine the morphology and structure of BA and MA,
transmission electron microscope (TEM) images were recorded
on a JEOL 2100 instrument (JEOL, Japan). The corresponding
energy dispersive spectroscopy (EDS) data were obtained to
identify the elemental composition of BA and MA. Fourier-
transform infrared (FT-IR) spectra measurements were carried
out on a NICOLET 6700 (Thermo Corporation, USA) in the range
of 400 to 4000 cm�1 by the KBr method. The crystal type, phase
and pattern of BA and MA were determined by the X-ray
diffraction (XRD, D8 Advance, Bruker AXS, Germany) method
over an angular range of 15–90� 2q with Cu Ka radiation (40 kV,
40 mA).
2.3. Soils

Lead contaminated soil was collected at a depth of 0–20 cm of
cropland soil in a red sandstone area.17 All sample digging areas
have been polluted for many years by surrounding chemical
enterprises. The soil samples were collected with an equal
amount at random excavation points and well-mixed. The
original soil samples were air-dried at room temperature for 5
days, ground, and sieved with a 2 mm mesh. The soil samples
were analyzed to obtain the pH value, organic matter (OM),
cation exchange capacity (CEC), available phosphorus (P),
potassium (K), and nitrogen (N), along with the total content of
Pb (S1 in the ESI†). The ecological toxicity of lead in soil was
This journal is © The Royal Society of Chemistry 2019
evaluated by the toxicity characteristic leaching procedure
(TCLP) before incubation experiments.
2.4. Incubation procedure

100 g original soil sample was mixed with BA and MA with
a weight rate of 2.5% and 5.0% in a 200 mL plastic beaker,
respectively. A soil sample without BA or MA (0.0%) was used as
the control. Each treatment had three replicates, with a total of
15 samples. All plastic beakers were incubated under green-
house conditions for 60 days within the temperature range of
18–25 �C and with a moisture content of 15 � 5% by the
weighing method. Milli-Q water was used in order to maintain
the water holding capacity of soil during the incubation period.
The soil samples were collected at 7, 15, 30, and 60 days for pH
analysis and lead toxicity measurements by the TCLP method.
Aer 60 days, the classication of lead in soil was determined by
the Tessier sequential extraction procedure.
2.5. TCLP extraction of the soil sample

The TCLP method is widely used to evaluate the mobility,
bioavailability and toxicity of heavy metals in soil and
waste.5,18–20 Depending on the pH value of the soil sample, TCLP
extraction was performed as follows. 5.7 mL glacial acetic acid
was diluted to 1 liter with Milli-Q water. The pH of the solution
was adjusted to 2.88 � 0.05 by using NaOH and the nal solu-
tion was used as an extraction solution of the TCLP method.
Subsequently, 2 g soil sample was dispersed into 40 mL of the
above extraction solution, shaken and mixed. Aer equilibra-
tion, the Pb concentration in the ltrate was measured by using
inductively coupled plasma optical emission spectroscopy (ICP-
OES).
2.6. Sequential extraction of the soil sample

The Tessier sequential extraction method is widely used to
determine the form change of metals during in situ remedia-
tion.21 In this work, the Tessier sequential extraction procedure
was used to evaluate the change of lead speciation and solid-
phase association of lead in soil to divide the lead speciation
in the soil sample into ve fractions with three replicates: (1)
exchangeable (EXC), (2) carbonates (CA), (3) Fe–Mn oxides (Fe–
Mn), (4) organic matter (OM), and (5) residue (RES). The Pb
content in each speciation was determined by using ICP-OES. In
order to ensure the accuracy of analysis results, a certied soil
reference material (GBW07445, National Research Center for
Certied Reference Materials, China) was used.
2.7. Data analyses

For each incubation treatment, the mean pH value and lead
content in each speciation were compared by using one-way
analysis of variance (ANOVA). Statistically signicant differ-
ences were determined by the Fisher least signicant difference
(LSD) test (P < 0.05).
Nanoscale Adv., 2019, 1, 1740–1745 | 1741
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Fig. 2 XRD patterns of BA (a) and MA (b) samples.
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3. Results and discussion
3.1. Characterization of BA and MA

The morphology and composition of BA and MA were charac-
terized by TEM and corresponding EDS analysis. As shown in
Fig. 1a, the morphology of BA is irregular, with a signicant
amount of nanoparticles bonded together. The corresponding
EDS spectrum shows that BA contains a lot of conventional
elements, such as Ca, Si, O, Fe, K, Al, Mg, Cl, P, S, Na, Mn, and
other trace elements. It is noticeable that the above elements
are nutritional substances of soils and necessary minerals for
plants and crops. The relative content of various elements in BA
is given in the ESI (Table S2†). The EDS spectrum of BA shows
that the relative content of Ca in BA is the highest. As a result,
BA can provide enough Ca source for the hydrothermal reaction
during the modication procedure. As reported by Steenari
et al., the contents of Ca, K, Na, Mg and other salts in the ash of
biofuel are so high with obvious alkaline characteristics.22

Similarly, BA used in this study is composed of numerous alkali
metals and alkaline-earth metals, such as Ca, K, Na, and Mg
with high alkalinity (Tables S1 and S2†), which can supply an
alkaline environment for the hydrothermal reaction. In
comparison with BA, MA exhibits a needle-like nanocrystalline
structure, consisting of Ca, P, and O elements (Fig. 1b). The
relative content of P increased signicantly in MA compared
with that in BA (Table S2†). These results unambiguously
conrm the presence of insoluble phosphates in MA.

The main compositions of crystal substances in BA and MA
were examined by XRD analysis. As shown in Fig. 2a, BA mainly
consists of quartz (SiO2) and calcite (CaCO3). However, the
diffraction peaks of calcite inMA (Fig. 2b) weaken obviously and
nearly disappear, and the diffraction peaks of hydroxyapatite
(HA, Ca10(PO4)6(OH)2) appear in the XRD pattern of MA. These
Fig. 1 TEM images and corresponding EDS spectra of BA (a and b) and
MA (c and d) samples.

1742 | Nanoscale Adv., 2019, 1, 1740–1745
results indicate that needlelike HA nanoparticles are generated
during the modication process of BA, in which Ca2+ and OH�

are supplied by calcite and alkaline substances in BA. As shown
in Fig. S1,† the soluble by-products during the modication
process include sodium bicarbonate (NaHCO3) and sodium
carbonate (Na2CO3). Therefore, all the above results indicate
that the nanoscale hydroxyapatite should be formed according
to the following reaction equation:

10CaCO3 + 6Na2HPO4 + 2H2O / Ca10(PO4)6(OH)2 +

8NaHCO3 + 2Na2CO3

The FT-IR spectra of BA and MA are shown in Fig. 3.
Accordingly, both BA and MA show strong absorption peaks at
1039–1034, 777–781, 686–690 and 457–463 cm�1, correspond-
ing to the Si–O–Si asymmetric stretching vibration, Si–O–Si
symmetric stretching vibration, Si–O in-plane bending vibration
and Si–O out-of-plane bending vibration of SiO2, respectively. In
addition, the presence of CO3

2� ions in BA can be deduced from
the peaks at 1421, 875 and 715 cm�1, which is consistent with
the presence of calcite in BA. In the FT-IR spectrum of MA, the
Fig. 3 FT-IR spectra of BA and MA.

This journal is © The Royal Society of Chemistry 2019
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peaks at 606 and 567 cm�1 indicate the presence of PO4
3� ions

in MA. IR spectroscopic data of MA further prove that HA is
generated during the modication process of BA.

3.2. Effect of the amendment on the pH value of soil

The pH value is an important parameter of soil properties,
which can affect the immobilization and dissolution of heavy
metals in soils.23 The pH variation of the soil samples was
measured aer incubation with BA and MA for 7, 15, 30 and 60
days, respectively. As shown in Fig. 4, both BA and MA increase
(P < 0.05) the pH value of the soil signicantly compared with
the untreated soil (CK) during the incubation period. Aer
incubation for 60 days, as for the CK sample, the pH values of
the soil samples incubated with 2.5% BA and MA are increased
to 7.05 and 6.59, and the pH values are increased to 7.20 and
6.83 with 5% BA and MA. For the same amendment, with the
increase of the adding amount, there is a slight increase in the
soil pH.

For BA, the increase of soil pH can be explained by the
dissolution of alkali salts in acid soil solution. For MA, the pH
increase of soil can be due to (1) the effects of alkali salts that
remained in MA and (2) the dissolution of HA and/or
Fig. 4 The influence of BA andMA on the soil pH by incubation for 7, 15, 3
BA plus soil, M-2.5 ¼ 2.5% MA plus soil, and M-5 ¼ 5% MA plus soil). For e
statistically significant differences according to the LSD test (P < 0.05).

Table 1 Basic physical and chemical properties of the tested soil

pH OMa g kg�1 CECb cmol kg�1
Available P mg
kg�1

Availa
kg�1

5.46 26.0 3.30 132 104

a OM, organic matter. b CEC, cation exchange capacity. c TCLP, toxicity ch

This journal is © The Royal Society of Chemistry 2019
isomorphous substitution in the soil solution (OH� in HA is
substituted by anions in soil solution, like F�, Cl�, and so
on).24,25

Normally, the solubility and toxicity of heavy metals decrease
with the increase of soil pH. However, large changes in soil pH
should be avoided to make the soil a safe and green environ-
ment. During long-term incubation, MA shows a smaller
inuence and/or disturbance on/to the soil pH than BA with the
same adding amount. The possible reasons are as follows: (1)
the alkaline character of MA is “immobilized” in HA; (2) the
solubility of HA is very low,26 and (3) the process of isomorphous
substitution for OH� in soil solution is slow and incomplete,
which mainly occurs on the surface of HA particles.

3.3. TCLP extraction of soil samples

The immobilization efficiency of the amendments for lead in
the soil was evaluated by the TCLP extraction test. As shown in
Table 1 and Fig. 5, the untreated soil samples are highly
contaminated by toxic lead, in which the Pb2+ concentration is
drastically higher than the toxicity level specied by the US EPA
(Pb: 5 mg L�1).20,27 Aer incubation with BA and MA (2.5% and
5% by weight), the content of bioavailable lead reduces
0 and 60 days (CK¼ untreated soil, B-2.5¼ 2.5% BA plus soil, B-5¼ 5%
ach remediation treatment, mean values with different letters indicate

ble K mg Available N mg
kg�1

Total Pb mg
kg�1 TCLPc Pb mg kg�1

91.0 89.7 17.5

aracteristic leaching procedure.

Nanoscale Adv., 2019, 1, 1740–1745 | 1743
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Fig. 5 Concentrations of lead by TCLP extraction from the CK and
soils treated with BA and MA after long-term incubation.
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signicantly and the degree of reduction increases with the
increase of time and the dosage of amendments. Aer incuba-
tion with 2.5% and 5% BA for 60 days, toxic lead contents are
reduced by about 33.9% and 52.6%, respectively; about 79.9%
and 95.2% for MA-treated soil samples. It is obvious that MA
can immobilize lead more effectively than BA even with low
dosage. Moreover, it should be noted that the Pb2+ concentra-
tion by TCLP extraction is lower than the toxicity level specied
by the US EPA when MA is used as a soil amendment.

The increase of soil pH is benecial to the immobilization of
available lead in soil due to precipitation. However, although
the increase of the soil pH value by MA is lower than that by BA
(Fig. 4), MA can immobilize the bioavailable lead more effec-
tively than BA, which can be seen from Fig. 5. The excellent lead
immobilization efficiency of MA can be owing to the existence of
nanoscale HA, which is well-known for its favorable lead
adsorption and immobilization ability based on cation
exchange and surface metal complexation reactions.3,5,28,29,30

3.4. Fraction distribution of lead

To determine the speciation change of lead and immobility
performance of BA and MA, Tessier sequential extraction was
performed aer incubation for 60 days. It can be seen from
Table 2 that aer incubation with 2.5% and 5% BA for 60 days,
the exchangeable lead concentrations decrease obviously from
Table 2 Percentage of lead in different speciation in soils incubated wit

Treatment EXC CA

CK 11.92 � 0.33a 17.27 � 0.14b
2.5% BA 0.51 � 0.03d 22.44 � 1.85a
5% BA 0.48 � 0.03d 17.73 � 0.32b
2.5% MA 3.38 � 0.20b 11.63 � 0.49c
5% MA 1.52 � 0.10c 8.83 � 0.36d

a For each remediation treatment, mean values with different letters indica
EXC: exchangeable fraction, CA: carbonate fraction, Fe–Mn: Fe–Mn oxide

1744 | Nanoscale Adv., 2019, 1, 1740–1745
11.92% to 0.51% and 0.48%, respectively, which are primarily
transformed to CA, Fe–Mn, and RES. With the increase of the
adding amount of BA, more exchangeable lead is transformed
to more stable speciation. The speciation change of lead aer
BA treatment can be explained by three reasons. First, Ca2+ in
CaCO3 can be replaced by Pb2+ in soil solution due to the lower
solubility product of PbCO3, which induces the increase of lead
bound to the carbonate fraction. Second, the increase of soil pH
by BA can lead to the formation of lead hydroxide, which
induces the increase of lead bound to the Fe–Mn oxide fraction.
Third, the increase of soil pH may cause the formation of some
crystal minerals, which can transform lead into RES from other
fractions.

Compared with BA, MA reduces both the exchangeable lead
concentration and the concentration of lead bound to the
carbonate fraction effectively (Table 2). Aer incubation with
2.5% and 5% MA, the exchangeable lead concentrations
decrease from 11.92% to 3.38% and 1.52%, respectively. The
lead concentrations of CA are signicantly decreased from
17.27% to 11.63% and 8.83%, respectively. In addition, the
lead contents bound to EXC and CA are signicantly reduced
with the increase of the adding amount of MA. Moreover, it
should be noted that the concentration of lead bound to RES in
the soil treated with MA increases more than that in the soil
treated with BA. It is known that the exchangeable heavy metal
is considered as easily mobile and bioavailable one.21 Heavy
metals bound to CA, Fe–Mn, and OM fractions are potentially
bioavailable. The RES is the most stable among all ve frac-
tions and it is hard to be inuenced by other conditions. The
above results indicate that MA can promote the transformation
of lead into a stable form more effectively than BA. Therefore,
the durability of lead xation by MA is stronger than that by BA
due to the lower solubility of lead mineral species formed
during the incubation than that of lead carbonate, lead
hydroxide and so on.
4. Conclusions

In this study, a kind of true industrial waste (BA) was used as
a low-cost raw material for the preparation of an amendment to
reduce the environmental risk of lead in soil. According to the
basic component and properties of BA, the ash was successfully
modied through a hydrothermal reaction, in which Ca sources
and the alkaline character of the ash play important roles in the
formation of hydroxyapatite. Aer incubation with 5% BA and
h BA and MA for 60 daysa

Fe–Mn OM RES

23.52 � 0.44b 11.00 � 0.11a 36.28 � 0.16d
30.51 � 1.72a 8.94 � 0.71b 37.60 � 0.90d
23.42 � 1.11b 9.28 � 0.64b 49.09 � 1.52b
32.42 � 1.04a 7.11 � 0.99c 45.46 � 1.50c
23.05 � 1.65b 7.03 � 0.55c 59.58 � 2.34a

te statistically signicant differences according to the LSD test (P < 0.05).
fraction, OM: organic matter, and RES: residual fraction.

This journal is © The Royal Society of Chemistry 2019
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5% MA for 60 days, the pH value of the soil samples increased
from 5.46 to 7.20 and 6.83, and the lead concentration extracted
from TCLP decreased by about 52.6% and 95.2%, respectively.
And the concentration of lead bound to RES increased from
36.28% to 49.09% and 59.58%, respectively. The incubation
results show that both BA and MA can reduce the content of
available lead in soil. However, MA shows less disturbance to
the soil pH, and it has higher immobilization efficiency and
better immobilization stability to lead than BA. Therefore, MA is
more signicant than BA in reducing the environmental risk of
lead and it has great potential as an amendment for soil
contaminated by lead.
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